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Abstract 
The Earth’s atmosphere is critical to the environment and to life on Earth. Studying the 
atmosphere plays an important role in many scientific areas and in particular 
meteorology. However, observing the atmosphere is a challenging task due to its 
dynamic nature and complexity of its processes. Current station-based observations and 
satellite remote sensing techniques have different limitations (e.g. limited coverage, 
and/or limited resolution). Better observation techniques are desirable to capture the 
detailed status and processes of the atmosphere properly.   
Recent developments of the Global Navigation Satellite Systems (GNSS) radio 
occultation (RO) technique have offered an exciting potential for meteorological 
research. This emerging technique, using radio signals between the Low Earth Orbit 
(LEO) and GNSS satellites, probes the Earth's atmosphere and ionosphere from space. 
Through a number of experimental missions and related studies since 1995, GNSS RO 
has demonstrated many advantages over other atmospheric observation methods. The 
information delivered by GNSS RO missions has advanced many meteorological and 
climate related studies as well as applications, such as numerical weather prediction 
analysis, tropopause studies, ionosphere and space weather conditions. 
The main aim of this thesis is to investigate the key theoretical and practical interests of 
the Australian meteorological community using GNSS RO. A comprehensive literature 
review is conducted to explore the fundamentals, the developments and challenges of 
the GNSS RO. A review of past and present GNSS RO missions confirms the potential 
for Australian meteorology with better observations at a lower cost. The next 
generation GNSS RO missions, with the advantage of the multiple systems, will have 
significant improvement in both quantity and quality of observations. A mission 
simulation study is undertaken to examine Australia’s opportunities from these future 
missions. In order to address the challenges of real-time applications, an investigation is 
also conducted into the system architecture of the satellite data centre for the mega data 
storage and processing. These studies into the GNSS RO missions and the data 
processing provide a good benchmark for the planning of future international and 
Australian missions.  
VI 
Detailed statistic analyses are carried out to assess the atmospheric profiles derived 
from the Global Positioning System (GPS) RO against other atmospheric 
measurements and modelled data. Four studies apply suitable statistics and data 
warehouse techniques on the large volume meteorological database to extract the error 
characteristics of the new atmospheric observation data sources. The results, spatial and 
temporal error characteristics of the new datasets, can assist meteorological researchers 
incorporating the RO technique into the existing meteorological systems. The impact of 
the co-location criteria between the resulting datasets is also examined.  
Climatology will benefit significantly from the high accuracy, high resolution and 
consistent information obtained from the GNSS RO technique. This thesis presents two 
studies in climatological applications using GPS RO data. One study is undertaken to 
examine the temperature trends over the Antarctic using both radiosonde and CHAMP 
RO data. Significant lower-stratospheric cooling and tropospheric warming have been 
found over the Antarctic for the past five decades (1956 - 2010) using Australian 
radiosonde data. Temperature trends are also derived using seven years of CHAMP RO 
data and compared with the data from collocated radiosonde stations. Examining the 
tropopause structure requires detailed vertical atmospheric profile information and this 
is difficult in some situations. The GPS RO technique can retrieve high vertical 
resolution atmospheric profiles with a uniformed global coverage. The other study is 
designed to investigate the tropopause over the Australasian region using GPS 
FORMOSAT-3/COSMIC RO temperature profiles. The FORMOSAT-3/COSMIC RO 
data provide the best vertical resolution of upper air temperature profiles. The study 
results confirm that the FORMOSAT-3/COSMIC RO temperature profiles show more 
details of the atmosphere and the tropopause characteristics than other observation 
methods.  
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Chapter 1 Introduction 
1.1 Background 
Climate change is one of the most critical issues faced by the international communities. 
Studies have shown that global warming has been a concerning trend over past decades 
and is likely to continue in the future (Cohen and Waddell, 2009; IPCC, 2007; Karoly 
and Braganza, 2005; Steig et al., 2009). The increased temperature has impacted the 
Earth’s environment and many aspects of human society, such as ice melting observed 
in the Polar and mountain regions, and frequent occurrence of extreme weather and 
disasters around the world (European Environment Agency, 2010; Garnaut, 2008; 
Government Accountability Office., 2008; Stern, 2007). The 2000s has been reported 
as the warmest decade in Australian history (Australian Bureau of Meteorology, 2010a). 
Studies have also shown an increase in the Australian sea level and a decrease in annual 
rainfall over the same period (Australian Bureau of Meteorology, 2010b). A change in 
rainfall patterns, a higher frequency of extreme weather events and a more variable 
climate in Australia are expected in the future. In January and February 2011, 
Queensland was seriously damaged by severe floods and tropical cyclone Yasi; 
Victoria also had floods across many parts of the state; Sydney has experienced a long 
period of heat waves; and Western Australia experienced both bushfires and floods. 
Australia, as a dry country, experiences more damages and economic loss because of 
climate change than other countries (Garnaut, 2008). Therefore, studies of extreme 
weather, climate change and their relationships become more and more important to 
Australia (Beeton et al., 2006).  
Providing an insight into climate change and predicting the weather is a challenging 
task due to the complexity and dynamics of the Earth’s atmospheric system and the 
limitations of current observational techniques (Ware et al., 2001; World 
Meteorological Organization, 2008). Many weather and climate related studies require 
high quality and high resolution atmospheric information (i.e. temperature, pressure, 
humidity and wind). Radiosonde observations have been a dominant conventional 
method for the acquisition of upper air atmospheric information for over 70 years. A 
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global radiosonde network with about 1500 stations has been developed (Kuo et al., 
2005). However, radiosonde observational method has a limited coverage and a low 
spatio-temporal resolution since it is highly constrained by accessibility as well as high 
operational and maintenance costs (Zhang et al., 2011). For example, the limited 
number and the poor geographical distribution (mainly along the coast) of the 18 
Antarctic weather stations are far from sufficient for many meteorological and 
climatological studies. This situation is difficult to improve because of the station 
maintenance issues in the Antarctic. Many regions (e.g. oceans, deserts, mountains and 
unpopulated areas) create similar problems of limited availability of the ground-based 
observational network. Satellite remote sensing technologies are also being used more 
frequently for atmospheric observations. They generally have higher horizontal 
resolutions and better global coverage when compared with the ground-based methods 
(Chuvieco, 2008). The major drawback of these remote sensing techniques is the low 
vertical resolution. Therefore, there is an increasing demand from the meteorological 
communities for better observational techniques that can capture the atmospheric 
structure and processes in greater details.   
Recent developments of the Global Navigation Satellite Systems (GNSS), such as the 
Global Positioning System (GPS), have offered exciting potentials for meteorological 
research (Mannucci et al., 2008). GPS observations from ground-based GPS reference 
networks have been utilized to generate useful atmospheric water vapour information 
(Liou et al., 2000; Rocken et al., 2005; Ware et al., 1997). This technique can 
continuously and automatically monitor the water vapour content in the atmosphere 
over the network. The GPS radio occultation (RO) technique probes the Earth's 
atmosphere and ionosphere using GPS receivers onboard Low Earth Orbit (LEO) 
satellites (Anthes et al., 2000; Gobiet, 2005; Hajj et al., 2000; Hocke and Pavelyev, 
2001; Kursinski et al., 1995; Melbourne et al., 1994; Yuan et al., 1993). The first 
experimental GPS RO mission (i.e. GPS/MET) was launched by UCAR (University 
Corporation for Atmospheric Research, U.S.) in 1996 and accurate atmospheric profiles 
were successfully retrieved. Follow on satellite missions such as CHAMP 
(CHAllenging Minisatellite Payload) and FORMOSAT-3/COSMIC (Constellation 
Observing System for Meteorology Ionosphere and Climate) also generated high 
quality and stable information of the atmosphere and ionosphere. GPS-only signals are 
predominately used by the past and present GNSS RO missions. The next generation 
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RO receivers have been developed to receive multi-GNSS signals such as GPS, 
GLONASS and Galileo (Meehan, 2009). It should be noted that in this thesis, GNSS 
RO is used as a general term to address the RO technique even though GPS is the 
dominant technology used.  
A GNSS radio occultation event (ROE) occurs when a GNSS satellite is setting or 
rising behind the Earth's limb as viewed by a GNSS receiver aboard a LEO satellite. 
During an ROE the transmitted signals from the GNSS satellite travelling to the LEO 
satellite are delayed because of the impacts of the atmosphere and ionosphere (Liou et 
al., 2007). This delay can be precisely measured and converted to a vertical profile of 
bending angles and consequently processed to derive a refractivity profile by applying a 
series of transformation steps (Hajj et al., 1994; Kursinski et al., 1995; Rocken et al., 
1993; Yuan et al., 1993). The refractivity is a function of the electron density in the 
ionosphere and the temperature, pressure, and water vapour in the natural atmosphere 
(Healy et al., 2002). Hence, the GNSS RO technique can provide useful information 
about the structure and dynamics of the ionosphere, stratosphere and troposphere. 
The GNSS RO technique has a number of outstanding advantages such as its global 
coverage, high vertical resolution, 24 hours availability, high accuracy, all weather 
capability, calibration-free and low operational cost (Kursinski et al., 2000; Ware et al., 
1997; Yunck et al., 2000). Many countries, such as the USA, Germany, Austria, the 
Russian Federation, Finland, Italy, Denmark, Argentina, Brazil and South Africa, have 
established experimental GNSS RO meteorology projects and launched a number of 
LEO experimental satellites with GPS RO receivers (GRAS Meteorology SAF, 2001; 
Hoeg and Kirchengast, 2002; Kirchengast and Hoeg, 2004; Sgrigna et al., 2005; Vespe 
et al., 2009; Ware et al., 1996). New developments of the GNSS RO technique,  such as 
the design of GNSS receivers and the LEO-LEO technique, will offer unprecedented 
opportunities to obtain a large amount of high-quality and high-resolution observations 
of the Earth’s atmosphere (Hoeg and Kirchengast, 2002; Kursinski et al., 2002; 
Kursinski et al., 2009). The continuous and accurate measurements of the atmospheric 
profiles with good spatial and temporal resolutions from GNSS RO will be available 
and new opportunities for better understanding of the Earth’s atmosphere and 
ionosphere will follow (Anthes et al., 2000). Many meteorological and climate related 
applications, such as numerical weather prediction analysis, climate studies, ionosphere 
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and space weather conditions, will be advanced with the development of new 
generation GNSS and LEO satellite programs.  
There are 38 operating radiosonde stations for the entire Australian continent and the 
surrounding ocean areas (Fu, 2008). These stations provide benchmark information of 
the upper air atmosphere for the Australian region. This supports the majority of 
meteorological studies and applications in Australia and the world. On the other hand, 
there are over 4000 atmospheric profiles generated annually over the Australasian 
region by the CHAMP LEO satellite and six times more profiles from the 
FORMOSAT-3/COSMIC constellation (Fu et al., 2009b). A simulation study has 
shown that the COSMIC follow-on mission will deliver over 3000 daily RO events for 
the Australasian region (Fu et al., 2011). Australian meteorological studies will be 
significantly enhanced by such a large volume of accurate and detailed 
four-dimensional information. The economical benefits of this GNSS-based technology 
can be demonstrated since Australia has a large continent, sparse population and long 
coastal areas (Kuleshov et al., 2011a; Zhang et al., 2009). The key aim of the PhD study 
is to investigate the GNSS RO atmospheric observation technique and its challenges 
and opportunities for the Australian region.   
1.2 Research motivation and objectives 
Research Motivation 
RMIT, in collaboration with the Australian Bureau of Meteorology (BoM), has 
pioneered the GNSS RO research in Australia since 2006. Early collaboration 
(Biadeglgne et al., 2007; Xu et al., 2007) has demonstrated the potential of GNSS RO 
technology for Australia and its abilities to overcome the limitations of the existing 
atmospheric observational methods. A need for a comprehensive investigation into the 
new technique was identified so that the emerging technology could be exploited for 
research in Australia. This is the first dedicated PhD research program on this topic in 
Australia.  
The GNSS RO technique relies on the L-band radio signals as it propagates through the 
Earth's atmosphere. The fundamental theory behind this technology is straightforward 
but the physical and mathematical algorithms involved in the retrieval processes are 
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highly complicated (Aragon-Angel et al., 2010; COSMIC Data Analysis and Archive 
Center, 2008; Engeln and Nedoluha, 2003). A number of steps are involved in order to 
retrieve useful ionospheric and atmospheric information from the raw GNSS radio 
signals captured by the space-based RO receivers. Firstly, the ray path between the 
radio transmitters (i.e. GNSS satellites) and receivers (i.e. GNSS RO receivers onboard 
LEO) needs to be calculated accurately. It is necessary to precisely determine the orbit 
and velocity of the transmitter GNSS satellites and the receiver LEO satellites. Noise to 
signals ratio must also be mitigated especially when the signal propagates through the 
dense lower troposphere. Derivation of the atmospheric profiles (i.e. temperature, 
pressure and water vapour) from atmosphere refractivity in the lower troposphere 
presents a major challenge due to the difficulty in separating the wet and dry 
atmospheric impacts on the GNSS signals. The retrieval process needs to be carefully 
investigated to ensure the quality of the retrievals and to provide a better understanding 
of the data products.  
Many countries and regions have launched a series of RO satellites and processed the 
data at their data processing centres. Scientists from these countries have dominated 
studies in this field and as such these countries have benefited most from this new 
technique. Unfortunately, Australia, one of the key players in Southern Hemisphere and 
the world meteorological research, has not been officially involved in any of these RO 
satellite programs. Studies of the RO technique are important for Australian researchers 
so that they can utilise the technique and contribute to the global meteorological 
community. A dedicated GNSS RO observational system, through future Australian 
owned or international collaborative missions, can enhance meteorological research and 
operations for Australia using the high quality and stable RO atmospheric observations.  
Research objectives 
A number of research objectives were defined as a result of various team discussions 
between GNSS researchers from RMIT, meteorological scientists from the Australian 
BoM and international experts in the field of GNSS RO. The objectives of this research 
are to: 
1. Investigate key components of the GNSS RO atmospheric observation 
technique including the theory and data retrieval processes. 
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2. Study the development of GNSS RO missions and impact of multiple GNSS for 
meteorological research in the Australian region. 
3. Evaluate the error characteristics of GNSS RO retrievals by comparing with 
meteorological information from both conventional atmospheric observations 
and numerical weather models.  
4. Investigate applications of GNSS RO derived meteorological information for 
climatological studies (i.e. temperature trend analysis and tropopause structure 
studies) in the Australasian and the Antarctic regions.  
1.3 Research methodology and contributions 
This research commenced with a comprehensive literature review that explores the 
fundamentals and developments of the GNSS RO technology. From the beginning of 
the project, a reference database covering all aspects of the GNSS RO technique has 
been developed and maintained. The current database contains over 800 publications 
including papers, theses, reports and presentations. The literature review has provided a 
solid base for the research and has helped to refine the objectives.  
The availability of data is critical for this project. Data were obtained from various 
research institutes including UCAR, JPL, the Australian BoM, the UK Met Office, GFZ 
and EUMETSAT. The datasets used in this study include GNSS RO orbit data, derived 
atmospheric profiles, radiosonde measurements and numerical weather model data. 
These datasets are very large in sizes approximately 100 G-Byte, and are in various 
formats (e.g. ASCII, NetCDF and Binary).  
Databases have been developed using both the enterprise database system “Oracle” and 
the open source system “MySQL”. Models and functions have also been developed in a 
number of programming languages (i.e. SQL, VB, C++ and IDL) in order to process 
and analyse these datasets. Through the establishment of the database and software 
development, the author has gained much understanding of satellite and meteorological 
data handling and processing. Studies of the GNSS RO data processing systems, the 
related information and communication technologies (ICT), and the infrastructure are 
carried out.  
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An orbit simulation study has been carried out to examine the number and distribution 
of RO events for future RO missions in the Australasian region. This simulation utilised 
the EGOPS software (developed by the University of Graz) with satellite orbit data. 
The coverage and horizontal resolution of the GNSS RO technique is dependent on the 
orbit design of both the GNSS and the LEO satellites. In this study, GPS and other 
GNSS (i.e. Galileo and GLONASS) and the Japanese regional QZSS (Quasi-Zenith 
Satellite System), have been examined. The study shows that over 3000 daily ROE can 
be expected from FORMOSAT-7/COSMIC II with multiple GNSS. The use of these 
new GNSS will increase not only the number of ROE significantly but also the quality 
of the retrievals due to increased signals. The result of this study provides reference 
information for future missions which are expected to benefit Australian atmospheric 
and ionospheric studies.  
Four detailed statistical evaluation studies were carried out to assess the atmospheric 
retrievals from two GNSS RO missions (i.e. CHAMP and FORMOSAT-3/COSMIC). 
These were done by comparing the RO missions with other atmospheric records from 
conventional observations (i.e. radiosonde) plus modelled data. For example, the mean 
differences in temperature between the radiosonde and RO data is about 0.5 K with a 
standard deviation of about 1.1 K. The error characteristics of the statistical differences 
between the GNSS RO data and the compared datasets were determined. The resulting 
spatial and temporal error characteristics of the new datasets may assist meteorological 
and weather forecasting researchers implement the new technique in existing operations.  
The Antarctic region plays an important role in global weather and climate systems. 
Changes in the atmospheric temperature over the area have been estimated in a number 
of studies (Johanson and Fu, 2007; Steig et al., 2009; Turner et al., 2005). CHAMP RO 
data and in-situ radiosonde observations were used to examine the recent temperature 
trends in the troposphere and the lower stratosphere over the Antarctic. The CHAMP 
RO and collocated Antarctic radiosonde data for 2001-2008 were found to be in a good 
agreement with respect to monthly mean atmospheric temperature values and trends, 
especially from the lower stratosphere to the upper troposphere (from 50 hPa to 300 
hPa pressure levels). The CHAMP RO data provided detailed vertical structure of the 
temperature trends and demonstrated an overall cooling in the Antarctic lower 
stratosphere and a warming in the troposphere. These results were in agreement with 
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radiosonde analyses. For example, the lower stratospheric cooling during the 
2001-2008 period was strongest at about 50-100 hPa over a large area of the Antarctic 
(i.e. longitude 60°W-to-0°-to-120°E, including about two thirds of East Antarctica and 
about half of West Antarctica). Small positive temperature trends were observed over 
West Antarctica and adjacent to the Amundsen and Bellinshausen Seas at all pressure 
levels from 100 to 700 hPa. While the suitability of the CHAMP RO data for climate 
change detection is demonstrated for the lower stratosphere and the upper troposphere, 
the CHAMP RO and radiosonde data are less consistent in terms of temperature trends 
in the lower to mid-troposphere. A study of temperature trends over Antarctica using 
long-term (about 50 years) radiosonde data was also conducted. This research 
addressed some statistical issues identified from other studies and a new method is 
applied to the temperature trend analysis. The study result shows that the mean cooling 
rate in the lower stratosphere is about -0.60°C per decade, and the mean warming rate 
in the troposphere is about 0.18°C per decade. 
The tropopause is a layer of atmosphere which separates the troposphere and the 
stratosphere and is important for many weather and climatological phenomena. High 
vertical resolution atmospheric profiles are desired for advanced and detailed 
tropopause studies. The Australian BoM maintains a network of 38 radiosonde stations 
which provides the major upper-air information for the Australian continent, 
surrounding oceans and also the Antarctic (Fu et al.  2009). Most of the stations are 
located in the coastal regions and there are only a few inland. The vertical resolution of 
radiosonde data is typically from a few hundreds meters to one kilometre which 
imposes certain limitations on atmospheric studies, such as the tropopause. 
FORMOSAT-3/COSMIC RO data, with a much higher vertical resolution and better 
coverage compared with radiosonde, was used to examine the tropopause structure in 
the Australasian region for a period of three years (from 2007 to 2009). The study 
shows that the high resolution and stability of RO data has the capability to serve as a 
benchmark measurements for many climate studies. 
1.4 Thesis outline 
This thesis consists of seven chapters. Each of these chapters is briefly described below. 
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Chapter One: introduces the research background, motivation, research objectives, 
methodology, and the main contributions.  
Chapter Two: presents a detailed review of GNSS, Earth atmosphere/meteorology 
observation techniques, and the GNSS based atmospheric observation techniques.  
Chapter Three: examines the fundamentals of the GNSS RO technique, especially the 
data retrieval processes and the key error sources. The advantages and applications of 
the technique for weather and climate are also discussed.  
Chapter Four: studies the GNSS RO missions, data processing centres, the development 
of future GNSS RO missions, and discussions on the ICT infrastructure for RO data 
archive and processing.  
Chapter Five: presents four detailed evaluation studies of the CHAMP and 
FORMOSAT-3/COSMIC RO retrievals using radiosonde and modelled data.  
Chapter Six: evaluates GNSS RO data for Antarctic climatological and temperature 
trend analysis, and tropopause studies for the Australasian region.  
Chapter Seven: summaries the contributions of this research and provides 
recommendations for future studies. 
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Chapter 2 GNSS and Earth Atmospheric Observations 
2.1 Introduction 
Observing meteorological conditions and processes is a challenging task due to the 
high-uncertainty and high-dynamics nature of the Earth's atmosphere (King, 2007). The 
GNSS RO atmospheric observation technique has been introduced for acquisition of 
numerous and comprehensive Earth’s atmospheric information (Liou, 2010; Mannucci 
et al., 2008; Melbourne et al., 1994). This chapter reviews atmospheric observations 
including ground-based atmosphere observations and meteorological remote sensing 
satellites. An overview of the GNSS technology, in particular GPS, is presented. This 
includes the fundamentals of the GNSS and satellite positioning technique, its signals 
and atmospheric corrections, and then the future development of GNSS modernization. 
Finally, an introduction of the new GNSS based meteorological observation technique 
will be provided.  
2.2 Earth atmospheric observations 
The Earth's atmosphere is critical to all life systems and plays a unique role in the 
weather and climate systems. Energy, water and atmospheric elements are exchanged 
and transferred dynamically in the atmosphere, and also between land/ocean and the 
atmosphere. All these processes contribute to the weather phenomena and climate 
change. To study the atmosphere and its processes, meteorologists characterise the 
atmosphere by temperature, pressure, water vapour, wind, precipitation and 
atmospheric compositions (World Meteorological Organization, 2009). Observing and 
monitoring these parameters are fundamental to all meteorological and climatological 
studies. 
Atmospheric information, which supports the study of climate and weather applications, 
is mainly obtained from observing systems mounted on balloons, aircrafts and satellites 
(Kramer, 2002). Due to the many advantages of satellite atmospheric observing systems, 
there is a decrease in conventional meteorological observations (i.e. the radiosonde 
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observations) and an increase in satellite based observations (National Research 
Council, 2007).  
2.2.1 Radiosonde observations 
Radiosonde is an observational technique that measures atmospheric profiles of 
pressure, temperature, and relative humidity by using a set of sensors attached to 
balloons (Ware et al., 2001). Data obtained by these sensors are sent to the ground 
receiving stations by a radio transmitter. The atmospheric profiles measured by 
radiosonde range from the Earth’s surface to around 35 km altitude. However, many 
measurements are limited to 25 km because of the high operational costs and the poorer 
accuracies at higher altitudes (Australian Bureau of Meteorology, 2002).    
Figure 2-1 shows a network of radiosonde stations that has been developed 
internationally since the 1930s (World Meteorological Organization, 2008). Station 
distribution and the sampling frequency of the network are important for 
meteorological applications, especially for meteorological phenomena identification 
and prediction (National Oceanic and Atmospheric Administration, 1997). The World 
Meteorology Organization (WMO) recommends a radiosonde network with a spacing 
of about 250 km over large areas and 1000 km for unpopulated areas, and with an 
observation frequency of one to four times (at hour of 00, 06 , 12 and 18 local time) per 
day (National Oceanic and Atmospheric Administration, 1997). This standard is 
difficult to satisfy for unpopulated areas such as the central Australian region and the 
Antarctic.  
Table 2-1 presents the atmospheric indicators measured by radiosonde and their general 
accuracies (National Oceanic and Atmospheric Administration, 1997). The radiosonde 
technique has been well developed and can provide highly accurate measurements, e.g., 
±0.5 °C accuracy for temperature and ±1 hPa accuracy for pressure from surface up to 
100 hPa. A GPS receiver is used with the radiosonde sensors for positioning. The 
positional data can provide wind information with an accuracy of about 1 m/s for speed 
and 5° for direction (National Oceanic and Atmospheric Administration, 1997).   
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Figure 2-1 Distribution of WMO radiosonde stations 
Table 2-1 Indicative accuracy of the radiosonde measurements 
Variable Range Accuracy 
From surface to 100 hPa 1 hPa to 2 hPa near 100 
hPa 
Pressure 
100 to 10 hPa 2 % 
From surface to 100 hPa 0.5 °C Temperature 
100 to 10 hPa 1 °C 
Relative humidity Troposphere 5 %  
From surface to 100 hPa 5° for wind speed less than 
1.5 m/s, 2.5° for wind 
speed greater 
Wind direction 
100 to 10 hPa 5° 
From surface to 100 hPa 1 m/s Wind speed 
100 to 10 hPa 2 m/s 
Geopotential height of 
significant level 
From surface to 100 hPa 1 % near the surface 
decreasing to 0.5 % at 100 
hPa 
It can be seen from Figure 2-1 that the distribution of the radiosonde network is uneven 
i.e. stations are concentrated on land (continents and islands) and data from radiosonde 
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network are limited in areas over the ocean. In the Southern Hemisphere, the density of 
the radiosonde network is significantly lower than that in the Northern Hemisphere. 
The insufficient atmospheric information in the Southern Hemisphere and over the 
ocean has a negative impact on many scientific and operational applications (National 
Research Council, 2007). Radiosonde equipment can also be dropped from aircraft or 
rocket. This is useful for special investigations such as tropical cyclones. Nevertheless, 
this technique is not cost-effective.   
2.2.2 Space-based observations 
Meteorological satellites and other related Earth observation techniques have developed 
rapidly since the successful TIROS-1 (Television Infrared Observation Satellite -1) 
mission in 1960 (Mohr and Schmetz, 2006).  The USA navigation satellite was small 
(about 120 kg) and in a LEO (about 700 km altitude). Although it operated for only 78 
days, it is a land mark development in history as it sent back the first imagery of the 
Earth from space.  
During the 1960s and 1970s, after TIROS, a large number of meteorological satellites 
were sent into orbit (Chuvieco, 2008; Kidd et al., 2009; Schwarz, 2004). Figure 2-2 
indicates the key milestones of these space meteorological programs by different 
countries (from 1060s to the recent). These important programs included the first 
meteorological satellite Nimbus-1 in 1964, the first geostationary meteorological 
satellite ATS-1 (Applications Technology Satellites) in 1966, the first operational 
weather satellite ESSA-1 (Environmental Science Services Administration Satellite 
Program) in 1966, the first temperature sounder Nimbus-3 in 1969, the first operational 
temperature sounder NOAA-2 n 1972, the early operational geostationary satellites 
(SMS-1 (Synchronous Meteorological Satellite) from the USA, the GMS 
(Geosynchronous Meteorological Satellite) from Japan and Meteosat-1 from Europe, 
and polar-orbiting satellite TIROS-N in 1978. 
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Figure 2-2 Chronological development of key meteorological satellites 
These satellite-based meteorological observational programs have been developed over 
the last three decades. Depending on their purposes, these satellites operated in 
different orbits such as geostationary orbit, polar orbit and sun-synchronous orbit (Kidd 
et al., 2009). The satellites typically carried a number of observational instruments. 
Visible spectrum remote sensing instruments can capture information about the cloud 
system and wind. Infrared spectrum instruments use different spectrum bands to 
determine atmospheric information including temperature, pressure, water, ozone, 
carbon dioxide, etc. Table 2-2 shows the key meteorological satellite programs that 
provide important atmospheric information for current meteorological research and 
operations (World Meteorological Organization, 2008).  
16 
Table 2-2 Meteorological satellites and their countries, orbits and observed information 
Satellite Country Orbit Observed atmospheric 
information 
TIROS-N/NOAA-A USA LEO Imagery and temperature 
sounding 
DMSP USA LEO Image and microwave imagery 
METEOR Russia LEO Image 
Feng Yun -1 P.R. 
China 
LEO Image 
SPOT French LEO High-resolution image 
ERS-1 Europe LEO Sea-surface temperature and wind 
GOES USA Geostationary Image 
GMS Japan Geostationary Image 
METEOSAT Europe Geostationary Image 
INSAT Indian Geostationary Image and Wind 
Satellite-based meteorological observational techniques have many advantages when 
compared to conventional ground-based observations (World Meteorological 
Organization, 2008). Firstly, the space sounding observations have a global coverage. 
Therefore, many remote areas such as mountains, deserts, Polar Regions and the oceans 
can be continuously observed. Atmospheric conditions over these areas play a 
significant role in climate and weather events. Secondly, satellites fly at a high speed, 
and as such the payload instruments can observe large areas with a high temporal 
resolution. A ground system that covers a large area at the similar temporal resolution 
will result in extremely high costs of station establishment and operation. Thirdly, the 
satellite observational system is available 24 hours and 7 days a week, and is not 
affected by the weather conditions. These advantages provide meteorological satellites 
with unique capability for atmospheric observation. For example, the generation, 
development and transformation of tropical cyclones, across a large area from the ocean 
to land, can only be observed by satellite-based instruments (Chevallier and Engelen, 
2007; Drusch et al., 2007).  
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However, most existing satellite systems do have some limitations: 
1. Low vertical resolution – lower vertical resolution than radiosonde measured 
profiles. 
2. Low point accuracy – the accuracy in each point (pixel) is relatively low from 
these early satellite based techniques.  
3. Poor observational capability for the lower atmosphere – space-based 
observation techniques view the atmosphere from orbits of hundreds and even 
thousands of kilometres.  
4. Poor flexibility for instrument updates – software updates on the space 
instruments is difficult and hardware updates almost impossible. 
5. A complicated information retrieval process.  
Due to these limitations, ground-based observations still play an important role in 
meteorological applications. The new GPS based technique has all the advantages of 
the space-based systems but overcomes the serious disadvantages.  
2.3 GNSS and atmosphere 
2.3.1 Fundamentals of satellite positioning technique 
Satellite positioning technique utilises man-made satellites to determine locations on 
and near the Earth's surface. The space-based positioning technology can provide 
accurate positional services for a large area and in all weather conditions. The Navy 
Navigation Satellite System (NNSS), developed by the USA Department of Defence in 
the 1950s, was the first satellite positioning system (Prasad and Ruggieri, 2005). 
Another early satellite positioning system, named Tsikada, was developed by the USSR 
(Union of Soviet Socialist Republics) in the 1970s. The performance of these early 
systems was poor in both accuracy and usability (Hofmann-Wellenhof et al., 2001). 
GPS was developed by the USA military from the 1970s to provide a satellite-based 
positioning system with higher accuracy, better global coverage and a quicker 
positioning system by employing a constellation of 24 satellites (Gleason and 
Gebre-Egziabher, 2009).  
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Over the last three decades, GPS has developed and improved continually. The success 
of GPS has encouraged the development of other satellite positioning systems. Many 
countries, such as China, Japan, Russia, as well as the European Union have proposed 
their own satellite positioning systems. The terminology of GNSS was introduced to 
label all of these systems. GPS is currently the most successful satellite positioning 
system by means of technology developments and applications. Many other satellites, 
such as meteorological and Earth observing satellites, also use GPS to determine their 
orbit information.  
GPS components 
The GPS has three segments, namely the space segment, the control segment and the 
user segment (Kaplan and Hegarty, 2006). The GPS satellite constellation (i.e. the 
space segment) currently consists of 30 satellites (2010). These satellites travel at an 
altitude around 20,200 km above the earth surface. The constellation orbit is designed 
to ensure clear observations of at least four satellites above 15º elevation at any point 
on the Earth at all times. This is the minimum required for the global positioning 
services.  
The control segment includes a master control station, six monitor stations and four 
ground antennas. The six monitor stations are located at Colorado Springs, Cape 
Canaveral, Ascension Island, Diego Garcia, Hawaii and Kwajalein 
(Hofmann-Wellenhof et al., 2008). The monitor station at Colorado Springs is the only 
one that is located in the central USA and is also located close to the master control 
station. The Cape Canaveral station is located on the coastline of Florida. The other 
four stations are all within ocean areas. These monitoring stations track all GPS 
satellites in view continuously. All information collected at each monitor stations is 
sent to the master control station. Based on the satellite tracking data, the orbit and 
clock parameters are calculated and then uploaded to the GPS satellites via the ground 
antennas located at the four monitor stations (i.e. Cape Canaveral, Ascension Island, 
Diego Garcia and Kwajalein).  
The GPS user segment refers to the numerous application receivers of various types. A 
typical receiver has one or an array of GPS antennas, precise clocks, and a processor. 
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For the GPS RO technique, a space-based high accuracy GPS receiver is specially 
designed for occultation purposes and mounted on LEO satellites.  
GPS positioning 
The GPS receiver captures time and orbit information transmitted from the GPS 
satellites. Basically, the distance between GPS receiver and GPS satellite can be 
calculated using the transit time (i.e. the time taken for the GPS signal to travel from 
the GPS satellite to the receiver). In order to solve a three dimensional position, 
knowledge of the distances to at least three GPS satellites are required. In most 
situations, the receiver is able to view more than four satellites and the additional 
satellites help to deliver highly accurate positions. The determination of the exact 
distance between receiving satellite and transmitting satellite requires a number of 
corrections to remove biases such as clock errors, atmospheric effects and multipath. 
The time delay due to the atmosphere (including the ionosphere, stratosphere and 
troposphere) is one of the most important factors contributing to the GPS error budget.  
2.3.2 GNSS signals and the atmospheric effects 
GPS signals 
GPS positioning is based on the measurements of time difference from precise atomic 
clocks. GPS carrier signals from GPS satellites are a multiple of atomic clock 
frequency of  10.23 MHz (Xu, 2007). Currently, the two main GPS carrier signals, L1 
and L2, have frequencies of 1575.42 MHz (i.e. 154 times of 10.23 MHz) and 1227.60 
MHz (i.e. 120 times of 10.23 MHz) respectively. The latest GPS satellite, Block IIF 
launched on 27th May 2010, has an additional frequency (L5) with a frequency of 
1176.45 MHz (i.e. 115 times of 10.23 MHz) (Schmid, 2009). 
Both the L1 and L2 carrier signals carry a pseudorandom noise (PRN) code, namely the 
coarse/acquisition (C/A code) and precision (P) code (Hofmann-Wellenhof et al., 2008). 
The C/A code is for civilian use and P code is for non civilian use (i.e. military use). 
The new signal mounted on L5 is an additional enhanced civilian-use signal. There are 
a number of other codes reserved for GPS, which can be used in the future system 
(summarised in Table 2-3). The L1 and L2 carrier signals also contain navigation 
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messages which includes information about satellite orbits, the satellite status and 
correction data.  
Table 2-3 GPS carrier signals, and code signals and their descriptions 
(Hofmann-Wellenhof et al., 2008) 
Link Code Description 
C/A Coarse/acquisition code 
P(Y) Precision code; Y-code replaces the P-code in anti-spoofing 
mode 
M Military code 
L1 
L1C Civil code on L1 
L2C Civil code on L2; general reference to the code signal on L2, 
which consists of some combinations of C/A, L2CM, and 
L2CL 
P(Y) Precision code; Y-code replaces the P-code in anti-spoofing 
mode 
M Military code 
L2CM Moderate-length code on L2C 
L2 
L2CL Long-length code on L2C 
L5C Civil code on L5; general reference to the civil code on L5, 
which consist of some combinations of L5I and L5Q 
L5I In-phase code on L5 
L5 
L5Q Quadraphase code on L5 
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Error sources of the GPS measurements 
In order to obtain high accuracy GPS measurements, the bias errors in GPS 
observations need to be eliminated. The main errors result from clocks in the receiver 
and onboard the satellite, the ionospheric effects, the atmospheric (stratospheric and 
tropospheric) effects, Earth and ocean tide effects, multipath effects, and the relativistic 
effects.  
These errors can be modelled in an observation equation below (Xu, 2007).  
εδδδδδδδρ ++++++−−= relmultidetroionsrersrersr cttttttR )(),(),(  
where  
 
s
rR : the measured pseudorange between receiver (r) and GPS satellite (s), 
 er tt , : GPS signal reception and emission time of the satellite and receiver 
respectively 
 
s
rρ : the geometric distance between receiver (r) and GPS satellite (s), 
 sr tt δδ , : the clock errors from receiver and satellite respectively, 
  c : the velocity of light, 
 ionδ : the ionospheric effects, 
 troδ : the atmospheric effects, 
 tideδ : the Earth tide and ocean loading tide effects, 
 mulδ : the multipath effects, 
 relδ :  the relativistic effects and, 
 ε : all the remaining errors. 
 
Atmospheric effects: ionosphere and natural atmosphere 
The Earth’s atmosphere extends from the Earth’s surface up to an altitude of about 
10,000 km. Based on the characteristics of different zones of the atmosphere, five 
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atmospheric layers are defined (Piccinini et al., 2000). These layers are the troposphere, 
stratosphere, mesosphere, thermosphere and exosphere in order of increasing altitude 
(see Figure 2-3). In electromagnetic physics, the atmosphere is categorized into two 
parts: 1) the ionosphere (including thermosphere and exosphere) where the atoms and 
molecules are charged electrically by the solar radiation from the Sun, and 2) the 
natural atmosphere which is lower part of the atmosphere (Moran and Morgan, 1986). 
Figure 2-3 shows the general profiles of key atmospheric parameters, namely 
temperature and pressure in the natural atmosphere, plus electron density in the 
ionosphere. 
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Figure 2-3 Earth's atmosphere structure, layers and parameters (i.e. temperature, 
pressure and electron density in ionosphere) 
GPS signals are L-band electromagnetic waves (1.023 GHz ) (Hofmann-Wellenhof et 
al., 2008). The Earth's atmosphere has major effects on the signal propagation. As the 
signal propagates through the atmosphere, the signal is reflected, refracted and 
absorbed by the atmosphere (Misra and Enge, 2006). The ionospheric effect on GPS 
signals is frequency-dependent and studies of this effect on more than one frequency 
(L1 and L2) can distinguish the ionospheric effect from other errors. On the other hand, 
the effect of the natural atmosphere on GPS signals is frequency-independent. Details 
of the free atmospheric effect on GPS signals and the GPS RO atmospheric information 
retrieval process will be discussed in Chapter Three.  
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2.4 GNSS-based atmospheric observations  
GNSS meteorology is a technique that can attain atmospheric information from GNSS 
observations. The GNSS receivers can be located on the ground or be mounted on 
aircrafts and satellites. With the ground-based GNSS observations, integrated 
perceptible water vapour between the GNSS satellites and receivers can be computed. 
The space-based technique utilises GNSS receiver on-board aircrafts and other 
satellites to probe atmospheric profile information.  
2.4.1 Ground-based GPS water vapour observations 
Water vapour is one of the key factors that cause GPS signal delays. Development in 
the high-precision GPS positioning technique has opened a new opportunity to extract 
column water vapour information along the GPS signal path. Since the early 1990s, 
many studies have proved that high quality slant-path water vapour information can be 
obtained by ground-based GPS stations (Bevis et al., 1992; Rocken et al., 1993; Rocken 
et al., 1997b; Ware et al., 1997).   
Compared to other observational techniques, the GPS water vapour monitoring method 
has three key advantages:  
• Continuously monitor, 
• Measure multiple lines between the station and the GPS satellites in view, 
• All weather condition capability  
With a network of CORS (continuously operating reference station) GPS stations and 
the tomography technique, the slant-path water vapour information can be mapped into 
a three-dimensional moisture field over the network (Braun and Hove, 2005; Nilsson et 
al., 2007; Troller et al., 2006). Assimilation of the slant-path water vapour from GPS 
into a Numerical Weather Prediction (NWP) model has been done in near real-time 
(Gendt et al., 2001; Haan et al., 2009).  
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2.4.2 Space-based GNSS RO observations 
The method of radio occultation for atmospheric observation was first applied in 
interplanetary discovery. A joint effort made by Stanford University and the Jet 
Propulsion Laboratory (JPL) developed a radio observing system for the Mariner 3 and 
4 missions to Mars (Yunck et al., 2000) in the 1960s. For many decades, this method 
has been used in most solar system discovery missions to study both the ionosphere and 
atmosphere of the planets and their moons (Fjeldbo et al., 1971; Pavelyev and 
Kucherjavenkov, 1978).  
It was not surprising that the radio occultation technique had been proposed for Earth's 
atmospheric observations when GPS became a concept in the 1970s. However, the first 
experimental mission GPS/MET occurred in 1995 and the reason for the delay was 
mainly due to the low  accuracy of GPS and various technological barriers of GPS 
signal retrievals (Hajj et al., 2002b; Hocke, 1997). The pioneering GPS/MET mission 
in 1995 was a very successful mission that delivered encouraging results (Beyerle et al., 
2001). In the following decade, many GPS RO missions were proposed and developed 
by the international community. Many studies have proved that the GNSS RO Earth 
atmospheric observational technique can overcome the limitations of current observing 
techniques, such as a poor sampling distribution, a low resolution of radiosonde (from 
ground stations, ships and airplanes) and a low vertical resolution of down-looking 
satellites (Anthes et al., 2000; Chao et al., 2000; Foelsche et al., 2006).  
2.5 Summary 
The GNSS RO technique is one of the most important and valuable meteorological 
applications of GNSS. It addresses one of the most challenging aspects of Earth 
sciences i.e. the Earth's atmospheric observation. This chapter has reviewed the satellite 
positioning technology and the role of the atmosphere in GNSS positioning technique. 
The current Earth's atmospheric observational technologies, including both 
ground-based CORS stations and satellite remote sensing, have been summarized. The 
chapter presented a general description of the GNSS-based observation techniques (i.e. 
ground- and space-based techniques). The key aspects of the GNSS RO technique will 
be discussed in depth in the following chapters. 
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Chapter 3 The GNSS RO Technique 
3.1 Introduction 
In Chapter 2, a brief introduction to the GNSS atmospheric observational techniques 
including both ground-based GPS water vapour observations and space-based RO 
observation has been given. Chapter 3 discusses the fundamentals of the GNSS RO and 
its technical components in particular the retrieval process and the error sources related. 
The two key aspects of the GNSS RO retrieval technique are: 1) the precise orbit 
determination (POD) of both the GNSS and LEO satellites, and 2) the algorithms that 
extract the atmospheric information from the raw GNSS RO signal phase 
measurements. A study of the fundamental theory will show how the atmospheric 
parameters (i.e. bending angle, refractivity, temperature, pressure and moisture) are 
derived from the GNSS signals and phase measurements. The retrieval process includes 
the algorithms and methods to eliminate the clock errors (the satellite and receiver 
clock error), the correction of atmospheric errors, and also the consideration of the 
uncertainty of the atmosphere. The remainder of this chapter will then discuss the 
advantages of the RO technique and its wider applications in meteorological and 
climate studies.  
3.2 GNSS RO concept and atmospheric retrieval theory 
3.2.1 GNSS RO concept 
The GNSS RO technique utilises a high precision GNSS receiver mounted on an LEO 
satellite to track the navigation signals transmitted by the GNSS satellites. As the LEO 
satellite rises or sets behind the Earth, the view of the GNSS satellites changes, The 
signals pass through a large amount of atmosphere (including both the ionosphere and 
natural atmosphere) and are affected significantly (Figure 3-1). The propagation of each 
signal is influenced by the atmosphere and the received GNSS signals will show a 
delay due to the atmospheric effects. However, the atmospheric information is 
embedded in the received signals as well as other information and errors. With careful 
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examination of the errors and atmospheric effects in the radio signals, atmospheric 
bending angle and refractivity profile can be derived from the GNSS measurements.  
 
Figure 3-1 Concept map of GNSS RO technique 
 
Figure 3-2 A typical GNSS RO atmospheric retrieval process 
The atmospheric bending angle and refractivity are therefore related to different 
atmospheric properties (i.e. temperature, pressure, humidity and electron density) at 
different zones of the atmosphere (Figure 3-2). Therefore, the direct atmospheric 
products of the GNSS RO retrievals are the electron density profiles in ionosphere, the 
temperature and pressure profiles in the stratosphere and high troposphere, and the 
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water vapour profiles in the middle and low levels of the troposphere (Hocke, 1997). 
This thesis is focused on the natural atmosphere and consequently the GNSS RO 
retrieval process refers to the derivation of this natural atmospheric information i.e. 
radio wave bending related to the natural atmosphere, refractivity, temperature, 
pressure and water vapour profiles in the natural atmosphere. 
3.2.2 GNSS RO retrieving theory and error sources 
The RO LEO satellite captures the signals not only from the occulting GNSS satellites 
but also other GNSS satellites in view. The observation of multiple GNSS satellites 
ensures the high precision orbit determination of the LEO satellite. The LEO’s orbit 
determination, together with the precise GNSS satellite orbit information, is a key 
element of the GNSS RO retrieval process (Hwang et al., 2008; Kursinski et al., 2000). 
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Figure 3-3 GNSS RO retrieval processes 
Figure 3-3 shows the whole GNSS RO atmospheric retrieval process and there are three 
key segments in the process namely GNSS and LEO satellite POD, inversion of 
atmospheric parameters and data assimilation to the numerical weather models. The 
POD is based on the GNSS observations and reference data from GNSS ground stations. 
With precise obit information, then the excess phase delay can be calculated. Then the 
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bending angles and refractivity are derived from the delay. The bending angles and 
refractivity profiles can be assimilated into numerical weather models while the further 
retrieved temperature and pressure profiles are valuable for climate studies.   
The impact of atmospheric effects on the GNSS signals is contained in the Doppler 
shifts measured by the GNSS RO receiver after the satellites movement contributions 
are removed. From the geometry in Figure 3-4, the relationship between the angles (ΦT 
and ΦR) and vectors (VT and VR) with Doppler shift (fd) and transmitter frequency (fT) 
can be presented as (Kursinski et al., 2000): 
( )RRRrRTTTrTTd sinVcosVsinVcosV/ff Φ−Φ+Φ+Φ−= θθc  
In order to separate the effects of the natural atmosphere and the ionosphere on the 
Doppler shifts, both the L1 and L2 signals are captured and then a double differencing 
technique is used. 
 
Figure 3-4 GNSS RO geometric representation 
The bending angle α can be calculated from ΦR, ΦT, and θ based on the equation below 
(Kursinski et al., 2000): 
piθα −+Φ+Φ= RT  
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Using the Abelian transformation, the refractivity index (n) at the tangent point can be 
calculated from the bending angle using the equation below (Fjeldbo et al., 1971):  








−
∞
= ∫ da
aaa
Exprn
2
1
2
1
1)( α
pi
 
where a is the asymptotic ray minimum distance and r is the tangent radius.  
In the Earth’s atmosphere, there are four factors affecting the refractivity index of the 
radio signals (i.e. the dry neutral atmosphere, water vapour, free electrons and particles). 
The equation below represents their relationships to the refractivity index (Kursinski et 
al., 2000).  
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Refractivity (N) is affected by dry pressure P (hPa) and temperature T (K); wet pressure 
Pw and temperature; electron number density ne (m3) and transmitter frequency f (Hz); 
and water content W (m3).  
In different layers of the atmosphere, the contributions of the above four sources are 
variable and sometimes are even negligible. For example, the electron effects density 
can be safely ignored in the troposphere and lower stratosphere. Also the water in the 
stratosphere is at a very low level. This variability is taken into account during the 
retrieval process.  
Error sources in the retrieval process 
The atmospheric retrieval process involves a sequence of steps to eliminate errors and 
to retrieve other information contained in the GPS signals received (Beyerle et al., 2006; 
Gorbunov and Lauritsen, 2007; Hoeg et al., 2002; Rieder and Kirchengast, 2001; 
Steiner and Kirchengast, 2005). It is critical to consider the sources of errors at each 
step of the GNSS RO retrieval process to obtain useful results. The main steps are 1) 
derive the atmospheric effects (both ionosphere and atmosphere) on the radio signals, 2) 
remove the ionospheric effects; and 3) calculate different properties of the atmosphere 
in different levels from the refractivity. In each step, there are different sources of 
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errors. The errors can also be categorised into three groups, i.e. errors related to satellite 
and receiver, errors related to ionosphere, and errors related to the atmosphere 
(Kursinski et al., 2000). Table 3-1 presents these error sources and their key 
characteristics and the impacted atmospheric properties (i.e. retrieval results).  
Table 3-1 Error sources, their characteristics and key properties 
Error sources Characteristics Key properties 
Errors related to satellite and receiver 
Signal to noise ratio 
performance 
Random phase error Refractivity and temperature at 
high altitudes; Loss of signals in 
the lower troposphere 
Clock instabilities Phase error and selective 
availability (SA) 
Refractivity, pressure and 
temperature 
Local multipath Phase error Pressure, geopotential, vertical 
refractivity and temperature 
profiles. 
Orbit determination 
accuracy 
Orbit and velocity errors (both 
GNSS and RO satellites) 
Refractivity, pressure and 
temperature 
Errors related to ionosphere 
Residual ionospheric 
effects 
Retrieval error Pressure and temperature  
Errors related to atmosphere 
Refractivity constant 
uncertainties  
Retrieval error Pressure and temperature in mid 
and low altitudes 
Uncertainties in Abelian 
method and hydrostatic 
integral boundary condition 
Retrieval error Pressure and temperature in high 
altitudes 
Horizontal refractivity 
structure 
Retrieval error Refractivity in troposphere 
The geometrical optics 
approximation 
Retrieval error Bending angle at high altitudes 
Water vapour/density 
ambiguity 
Retrieval error Dry and wet components in 
lower atmosphere 
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3.3 Meteorological and climatic applications 
This section reviews the advantages of the GNSS RO technique compared with 
conventional atmospheric observation techniques, i.e. radiosonde and satellite remote 
sensing. The applications in weather forecasting and climate studies using the GNSS 
RO products are also discussed.  
3.3.1 Advantages of the GNSS RO technique 
GNSS RO technique compared with ground-based observations 
Space-based atmospheric observation technologies overcome many limitations of the 
ground-based methods (Feng and Herman, 1999; Ware et al., 1995; Wickert et al., 
2009b). Some of these limitations are critical issues for atmospheric sciences and are 
difficult to improve. For example, the coverage plus the horizontal resolution of the 
radiosonde station network is limited because the network requires suitable physical 
locations and easy accessibility (World Meteorological Organization, 2008). The area 
covered by the radiosonde station network is relatively small when compared with 
those not being covered, such as oceans, deserts, and mountains. Many areas have 
either no suitable places for building stations or hard to access by personnel. However, 
the coverage and distribution of the satellite based RO technique is related to the orbit 
design of the LEO satellite and the GPS constellation (Fu et al., 2011). A simulation 
study on the locations of ROE has been conducted and the results are presented in 
Chapter 4. The study demonstrates that the GNSS RO technique has uniformed global 
coverage and the capability of focusing on particular regions with more density 
observations. Moreover, ground-based observational stations have high operation and 
maintenance costs and this is another limiting factor for the establishment of an ideal 
observational network. The space-based GNSS RO atmospheric observational 
technique requires less ground resources when compared with the ground network. 
With its global capability, the operational cost of a GNSS RO mission is relatively low 
in the long-term and can be shared by international partners.  
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GNSS RO technique compared with satellite remote sensing  
When Compared with satellite remote sensing techniques, one of the main advantages 
of the space-based GNSS RO technique is its capability to observe all levels of the 
atmosphere from the atmosphere to the ionosphere, i.e. from the ground to the outer 
edge of the atmosphere (about 10,000 km) (Melbourne et al., 1994; Yunck and Hajj, 
2005). A remote sensing mission often focuses on specific layers of the atmosphere to 
achieve better results. Moreover, in terms of the complexity and the operational costs of 
the space systems, the GNSS RO technique uses space-borne GNSS receivers, which 
have low power consumption and have a lower cost compared with the remote sensing 
satellite instrumentation. Many GNSS RO LEO satellites are compact in size, light 
weight and have low power consumption. The six FORMOSAT-3/COSMIC satellites 
were launched in one spacecraft (Fong et al., 2008; Liou et al., 2006). Often, GNSS RO 
LEO satellites are equipped with a variety of different instruments to support for 
multiple scientific purposes (Anthes et al., 2008; Wickert et al., 2001b; Wickert et al., 
2009a). These unique characteristics of the LEO satellites make the GNSS RO 
technique more cost effective compared with other Earth observation satellite missions. 
For example, SUNSAT was a university initiative and was launched with a RO receiver 
(Mostert and Koekemoer, 1997).  
GNSS RO technique compared with sensor-based observations 
The core of the GNSS RO technique is radio science and the atmospheric information 
is retrieved from the atmospheric impacts on the GNSS radio signals (Pavelyev and 
Kucherjavenkov, 1978; Pavelyev et al., 2009). The RO technique has many advantages 
when compared with the direct sensor-based radiosonde measurements and 
image-based remote sensing techniques. First, the radio technique is not affected by the 
weather condition. The weather (for example clouds, rain, aerosols) will not influence 
the radio signals and the accuracies retrieval of atmosphere. On the other hand, remote 
sensing instruments can be affected by clouds (even particles) and weather phenomena 
which leads to various difficulties and issues in the image processing (Guzzi, 2003). 
The radiosonde technique measures atmospheric information using sensors, which can 
only work in specified conditions (e.g. a specified temperature range), and their 
performance and accuracy can be affected by the weathers conditions. The weather 
balloons are difficult to launch in extreme weather conditions and also may not reach 
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the designed level of the atmosphere. Another issue related to the radiosonde is that its 
performance has dependencies on altitude and pressure (National Oceanic and 
Atmospheric Administration, 1997). GNSS RO observations are generally independent 
to the weather conditions (Kursinski et al., 2000).  
The benefits of the GNSS-based system 
GNSS radio signals are generated using atomic clocks aboard. The GNSS and RO 
receivers are using similar clock technologies. As a result, the measurements of GNSS 
RO signals are stable and precise. Therefore, GNSS RO measurements have no 
long-term drift and mission-to-mission biases. This ensures continuous high quality 
observations from the GNSS RO techniques across all missions. However, the 
radiosonde weather sensors are designed and produced by various companies that 
employ different techniques and standards. Research shows that there are significant 
systematic bias between different types and models of radiosonde sensor systems (He et 
al., 2009; Ho et al., 2009). This bias is one of the major error sources in atmospheric 
studies (Knudsen et al., 2006). The other benefit of the GNSS RO is that the atom 
clocks generate radio signals continuously. The sampling rate of the current GNSS RO 
receivers can reach as high as 50 Hz. Therefore, a high vertical resolution of the 
atmospheric profiles can be achieved from these GNSS RO missions. The vertical 
resolution of GNSS RO is much higher than both the satellite remote sensing and the 
radiosonde techniques (Fu et al., 2009a; Hayashi et al., 2009). The details of 
atmospheric status and processes can be recorded and are valuable for many 
atmospheric studies and applications.  
Table 3-2 compares the GNSS RO technique with the radiosonde and remote sensing 
methods with respect to atmospheric observations. The outstanding technique for each 
category is highlighted in italics. The GNSS RO demonstrates significant advantages 
over the other two techniques.  
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Table 3-2 A comparison of three atmospheric observation techniques 
Observation Radiosonde Remote Sensing GNSS RO 
Coverage Ground-based and 
limited by geographical 
accessibility 
Space-based and 
global coverage 
Space-based and 
global coverage 
Vertical resolution High Low Very high 
Horizontal 
resolution 
inhomogeneous uniform Homogeneous, 
depended on the LEO 
orbit design 
Temporal 
resolution 
2-4 times per day Depend on the orbit 
design, normally 
higher than radiosonde 
Depend on the LEO 
orbit design, normally 
higher than 
radiosonde 
Weather condition Unavailable in extreme 
weather conditions 
Significantly affected 
by cloud and particles 
in the atmosphere  
All weather capability 
Cost High operation and 
maintenance cost 
Low in a long-term Low in a long-term 
Calibration Necessary and 
important 
Calibration needed for 
different instruments 
No need, also mission 
independent 
Layers of 
atmosphere 
From surface up to 
30km 
Instruments are 
specially designed for 
certain layers 
All layers 
Accuracy High Low Very high 
Stability Low High Very high 
 
3.3.2 Contributions of the GNSS RO to meteorology and climate 
The atmospheric data products delivered from past and current GNSS RO missions 
have shown encouraging results in many potential applications. This section discusses 
how the use of GNSS RO data has contributed to climatology, i.e. covering the data gap 
in some regions, serving as an important data source for many weather forecasting and 
prediction models, and providing quality atmospheric profiles for detailed and 
advanced atmospheric studies.  
35 
Covering the data gaps 
GNSS RO data have provided significant additional information to weather studies in 
data-limited areas such as the Southern Hemisphere (SH), Polar Regions, unpopulated 
areas, and over the oceans. Recent research has suggested that CHAMP data can help 
with a number of SH studies: for example, reducing the temperature cold bias error, 
improving water vapour analysis in mid-latitudes, correcting the surface pressure 
analysis, and increasing the accuracy of forecasts (Zou et al., 2004). CHAMP and 
SAC-C atmospheric retrievals have been used to improve NWP analysis and forecasts 
for the Antarctic (Wee et al., 2008). The GNSS RO technique has brought a new 
impetus for scientists interested in the Antarctic, where traditionally there have been 
very limited weather observations available. Various studies have also been carried out 
to validate radiosonde measurements by using GNSS RO data (Alexander et al., 2009; 
Boccara et al., 2008; Ge, 2006; Juarez et al., 2009; Kuo et al., 2002; McDonald and 
Hertzog, 2008; Nedoluha et al., 2007; Vey and Dietrich, 2008). The marine boundary 
layer using the GNSS RO retrievals has been investigated (Xie, 2006). These studies 
have demonstrated the value of the GNSS RO technique for providing upper air profiles 
with a global coverage. In the near future, with more GNSS RO satellites becoming 
available, both the weather and climate studies in previously data-sparse areas will be 
significantly improved. The GNSS RO missions provide uniform global coverage 
observations and fill the geographical gaps from the station-based observation networks. 
Furthermore, the technique is “mission calibration free” and continuous quality data 
can be expected over a long-term from GNSS RO missions. This is an important 
improvement for climate studies such as trend analyses.  
Quality data source for numerical models  
The role of the upper air information is critical for many numerical weather and climate 
models. Radiosonde measurements are a key input for the global prediction models (e.g. 
NCEP, MetOffice and ECMWF), and also the regional models (e.g. rainfall forecasts 
and cyclone models). This is because they provide the best vertical resolution 
throughout the atmosphere. The GNSS RO technique generates higher quality and 
resolution atmospheric profiles with uniformed global coverage. Therefore, the GNSS 
RO data are an important data source for many numerical weather prediction models. 
Major international meteorological centres (e.g. NOAA, MetOffice and ECMWF) have 
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assimilated the GNSS RO data into their global weather predication models and 
improvements of these models have been demonstrated (Cucurull et al., 2008; Kuo et 
al., 2000; Loscher, 2004; Loscher et al., 2006; Pingel and Rhodin, 2009; Rennie, 2008).  
Direct observations of cyclones are difficult to obtain. Information about the 
development of the cyclones is limited to observations from aircraft dropsonde 
sounding and data from ground-based radar stations. The accuracy of the prediction of 
cyclone tracks can be improved when more information is available and this could lead 
to a significant reduction of damages from cyclones. The GNSS RO technique is not 
affected by weather conditions therefore valuable atmospheric profiles can be obtained 
from the GNSS RO events that occur during the cyclones. Some of these RO events 
have been captured and applied in cyclone forecasting studies and have showed good 
results (Guo et al., 2009; Huang et al., 2005; Kueh et al., 2009; Kuo et al., 1997). 
Rainfall prediction is another example of where the GNSS RO data can contribute 
additional data inputs to the models. Some research groups have successfully used the 
CHAMP and FORMOSAT-3/COSMIC RO data to rainfall predictions (Huang et al., 
2007; Seko et al., 2009).  
High resolution atmospheric information 
The GNSS RO atmospheric observation technique has global coverage and an all 
weather capability. Therefore, the Earth’s atmosphere can be observed more 
conveniently and efficiently than previously possible with the conventional radiosonde 
and remote sensing techniques. It is expected that over 3000 daily atmospheric profiles 
can be generated from the FORMOSAT-7/COSMIC-2 mission for the Australasian 
region (see Chapter 4). This number of observations is much higher than those from the 
38 Australian radiosonde stations observing 2 to 4 times per day. Moreover, these 
observations are not limited by the same location and time constraints experienced by 
the radiosonde observation technique. The RO data is more uniformly distributed in 
both space and time. With advances in multiple GNSS, it is expected that the data will 
significantly improve the coverage, horizontal resolution and sampling frequency of 
atmospheric observations. Furthermore, the GNSS RO technique has a higher vertical 
resolution than the radiosonde as well as satellite remote sensing due to its high 
sampling rate. It is expected that the GNSS RO technique can observe the Earth’s 
atmosphere where traditional radiosonde and remote sensing can not. 
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The GNSS RO technique currently provides the best (vertical, horizontal and temporal) 
resolutions for atmospheric observations. This ongoing quality data has been invaluable 
for many aspects of atmospheric studies. For example, the global gravity wave 
signatures in the upper troposphere and stratosphere can be obtained from GNSS RO 
profiles (Alexander et al., 2008; Hocke and Tsuda, 2001; Liou et al., 2003; Torre et al., 
2009). Studies of atmospheric waves, turbulences and tides have be carried out using 
GNSS RO data (Cornman et al., 2009; Gorbunov and Kirchengast, 2006; Gubenko et 
al., 2008; Torre et al., 2006; Zeng et al., 2008). Wang et al. (2009) captured 
atmospheric abnormal state during the 2008 Chile volcano eruption. Climate studies 
rely on high resolution atmospheric observations. Studies have demonstrated the 
potential of GNSS RO profiles for characterizing troposphere structures and changes 
(Bizzarri et al., 2006; Foelsche and Kirchengast, 2004; Schmidt et al., 2005a; 
Sokolovskiy et al., 2007; Staten and Reichler, 2008).   
3.4 Summary 
This chapter introduced the fundamentals of the GNSS RO technique and outlined the 
technical aspects such as the retrieval processes and error sources. Advantages of the 
GNSS RO techniques have been reviewed with a comprehensive comparison of the 
current atmospheric observational techniques such as radiosonde and satellite remote 
sensing. The RO technique has the potential to advance many atmospheric related 
studies by providing high quality, high resolution atmospheric information with a 
global coverage.  
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Chapter 4 GNSS RO Missions – The Past, Present and 
Future 
4.1 Introduction 
The radio occultation technique for atmospheric observations has been applied and 
developed through planetary discovery programs to Venus, Mars, Saturn and their 
moons since the 1960s (Fjeldbo et al., 1971; Kolosov et al., 1979). During the late 
1970s and the 1980s, GPS, also based on radio technology, had been developed for 
global positioning, navigation and timing purposes. Atmospheric scientists realized the 
potentials using GPS for the Earth’s atmospheric observations (Businger et al., 1996; 
Yunck and Melbourne, 1995). The proof-of-concept GPS RO mission the GPS/MET 
was launched in 1997 by the USA. Since the success of the first mission, a number of 
follow-on missions have been developed by different countries and regions. A review 
of these RO missions is presented in this chapter.  
One of the notable trends in the development of the RO technique is the adoption of 
multiple GNSS (Kirchengast, 2005; Meehan, 2009). GPS has commenced a process of 
modernization and the first GPS III satellite has been scheduled for launch in 2014 
(Hofmann-Wellenhof et al., 2008). The Russian GLONASS system is also embarking 
for updating to its next generation system. The European Galileo and the Chinese 
Compass systems have been under rapid development. Other countries are also 
planning regional satellite navigation systems or augmented systems such as Japan’s 
QZSS and the Indian Regional Navigational Satellite System (IRNSS) (Gleason and 
Gebre-Egziabher, 2009). As part of this research, a simulation study was designed to 
model the RO events from the proposed FORMOSAT-7/COSMIC-2 RO mission with 
GNSS receivers (i.e. receiving signals from GPS, GLONASS, Galileo and QZSS) for 
the Australian region. This study has shown a vast increase in the number of RO events 
in the region using FORMOSAT-7/COSMIC-2 and a large quantity of high quality plus 
high resolution atmospheric profiles (Section 4.3).  
FORMOSAT-3/COSMIC generates about 2,500 daily atmosphere profiles. The future 
RO missions, with the capability of capturing multiple GNSS signals, will deliver tens 
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of thousands of daily RO events. The is a need to reduce the system and data processing 
latency so as to provide real-time data for many meteorological and forecasting 
applications (Larsen et al., 2005a; Terzo et al., 2009). Processing the vast amount of 
RO data and other reference data brings critical challenges for the data retrieval process. 
Study of the ICT infrastructure and data centre software engine has been conducted and 
recommendations of the handling and processing of the RO data for future RO missions 
are discussed in Section 4.4.  
This research has clearly shown that Australia will gain valuable knowledge in the 
meteorological and satellite observation fields from the implementation of the 
recommended RO technique and process.  
4.2 Review of the GNSS RO missions 
The proof of concept satellite program GPS/MET was proposed and implemented by 
NOAA (National Oceanic and Atmospheric Administration). The MicroLab_1 satellite 
was launched into an orbit of 750 km, with a 70° inclination on 3 April 1995. The first 
atmospheric profile retrieved from this RO mission was obtained on 16 April 1995 
(Healy, 1998). It was the first satellite equipped with a GPS RO payload for 
meteorological purposes. Dozens of RO satellites have been launched by various 
countries or via international projects since the late 1990s. Figure 4-1 shows the 
timeline and life span of the current and past RO missions as well as the proposed 
future missions in the following decade years. 
After GPS/MET, South Africa and Denmark launched their first satellites (i.e. 
SUNSAT and Ørsted, respectively) which were equipped with the GPS RO receivers 
(Larsen et al., 2005b; Mostert and Koekemoer, 1997). SAC-C was an international 
effort by the USA, French, Brazil, Denmark and Italy (Hajj et al., 2002a). CHAMP 
(Germany) has the longest history of quality RO data from 2001 to 2008. Such a long 
period of continuous RO data permitted high quality climatological studies.  In 2002, 
NASA launched an innovative twin LEO satellites GRACE (Beyerle et al., 2005). The 
two GRACE satellites travelled in orbit with 220 km apart and the mission was 
designed for measuring gravity recovery and atmospheric observations (by its RO 
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receiver). These early 21st century missions were significant advances by the 
international community.  
 
Figure 4-1 Timeline and life span of GNSS RO missions 
 
By 2007, both CHAMP and GRACE were near to the end of their mission life. The 
FORMOSAT-3/COSMIC constellation and a few other new RO missions now provide 
continuous measurements of the atmosphere. The FORMOSAT-3/COSMIC is a 
constellation of six LEO satellites and has successfully generated quality RO data. 
Metop is a series of three RO satellites and the first one (Metop-A) was launched in 
2006 (Loiselet et al., 2000). Germany launched TerraSAR-X and TranDEM-X in 2007 
and 2010 respectively and both satellites provide Earth observations including RO 
atmospheric data. Also, by 2010, other countries such as India, France and Korea, had 
launched RO satellites into various orbits (Cho et al., 2009; Notarpietro et al., 2006). 
There is also a large number of planned RO missions scheduled post 2010. These 
include FORMOSAT-7/COSMIC-2, Metop-B, SAC-D, CICERO, EQUARS, 
Megha-Tropiques, etc (Cho et al., 2009; Fong et al., 2009a). 
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CHAMP mission 
The CHAMP mission was a German/USA research satellite launched by a Russian 
COSMOS space vehicle on July 15, 2000 into a near polar (i = 87°) circular orbit and 
an initial orbital altitude of 454 km (Wickert et al., 2001a). The orbit design ensured 
homogeneous and global coverage of observations for various atmosphere/ionosphere 
applications. The objectives of this project were to investigate the Earth’s gravity, 
magnetic field and also provide GPS RO meteorological data. The “BlackJack” GPS 
receiver, developed by the Jet Propulsion Laboratory (JPL), was used by the CHAMP 
satellite. Compared to GPS/MET, an improved occultation rearward-facing antenna 
with a better gain of +5 db was used. There were about 230 daily GPS RO events 
recorded by CHAMP, 64% of them (approximately 160) could be successfully 
converted to quality atmospheric profiles (Wickert et al., 2006). High quality CHAMP 
RO observations were obtained, and the general mean differences with existing weather 
data for temperature were less than 0.4 K for a range of altitude between 10 km and 35 
km. CHAMP produced seven and half years (2001 - 2008) of quality atmospheric 
profiles and it had the longest RO observation data set from one satellite (Foelsche et 
al., 2006). The CHAMP RO observation has been used in a number of climatological 
studies including those presented in Chapter 6.  
FORMOSAT-3/COSMIC mission 
The FORMOSAT-3/COSMIC mission was designed to assist with weather forecasting, 
climate monitoring, and atmospheric, ionospheric and geodesy research by employing a 
constellation of six LEO satellites (Fong et al., 2009b). The final orbits of the six 
satellites are between 750 and 800 km with an inclination of 72˚ in 6 planes with a 
spacing of 24˚. Three ground stations were established in Alaska, Sweden and Taiwan 
respectively and one multiple task station is located in Taiwan for communicating with 
the LEO satellites.  
Each FORMOSAT-3/COSMIC satellite is equipped with a GPS RO payload for 
tracking GPS signals, a tiny ionospheric photometer payload for measuring ionospheric 
total electron content (TEC) from the satellite’s nadir direction, and a tri-band beacon 
payload for generating high resolution satellite to ground-station TEC (Anthes et al., 
2008). The FORMOSAT-3/COSMIC GPS receiver is a NASA/JPL “BlackJack” 
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space-borne GPS receiver. This type of receivers was used by CHAMP and other early 
GPS RO programs. The integrated GPS receiver system consists of five units, namely a 
scientific grade GPS RO receiver, dual occultation antennae, dual precise orbit 
determination antennae, payload controller and a solid state recorder. With this robust 
space-borne GPS receiver system, the LEO satellites’ precise orbit could be accurately 
determined and both the rising and setting GPS RO events can be captured. 
The success of the FORMOSAT-3/COSMIC constellation proved that the GNSS RO 
technique had a capability to not only generate high vertical resolution atmospheric 
profiles but also provide a good horizontal resolution with global coverage (Huang et 
al., 2009). It has demonstrated that GNSS RO data was a useful technique for 
meteorological agencies.  
4.3 Simulation study of future RO missions in the Australasian 
region 
4.3.1 Next generation GNSS 
The GPS is currently the dominant GNSS and to date all RO missions have relied on 
receiving only GPS signals. However, in the era of GPS modernisation and significant 
GNSS expansion, new satellites with new signals have been developed (Gleason and 
Gebre-Egziabher, 2009). Within the next 10 years, about one hundred new GNSS 
satellites will be launched and thus new signals will be transmitted from them (Gao, 
2008). These satellites will incorporate modernised GPS and GLONASS systems, plus 
newly designed Galileo and Compass systems. There are also some regional GNSS 
such as QZSS from Japan (Japan Aerospace Exploration Agency, 2009) and the Indian 
IRNSS. The next generation RO missions (e.g. FORMOSAT-7/COSMIC-2) will be 
equipped with new GNSS RO receivers (e.g. TriG) which are designed to receive 
signals from these new satellites (Meehan, 2009). The horizontal and temporal 
resolution of RO profiles will be significantly improved due to the increased number of 
satellites and the improved signal strength and signal spectrum. The quality of the RO 
technique will be also improved because of the increased number of radio frequencies 
available for the retrieval processing. These new GNSS will utilise different radio 
44 
frequencies and hence future GNSS RO missions will take advantages of the different 
signals to improve the retrieval process for better data quality.   
The simulation study, undertaken in this research, was designed to model the number 
and distribution of RO events obtained from FORMOSAT-7/COSMIC-2 using various 
GNSS (i.e. GPS, GLONASS, Galileo and QZSS). The results show that the number of 
daily RO retrievals in the Australasian region will increase from a few hundreds to over 
three thousands due to the use of multiple GNSS. FORMOSAT-7/COSMIC-2 will also 
provide more RO events in the tropical regions where the atmosphere is more dynamic 
and consequently high vertical and horizontal resolutions, as well as the high temporal 
resolution will improve our knowledge about the tropical atmosphere. The spatial 
distribution (over various latitude zones) of these RO events is analysed. The results of 
this research provide a reference for Australian meteorologists and climatologists who 
intend to use the RO data in their research and applications.  
Recent GNSS development 
The success of GPS as a critical space-based positioning infrastructure has lead to the 
rapid development of other GNSS (Jacobson and Ebooks Corporation., 2007). 
GLONASS is currently the only alternative global operational satellite positioning 
system. The GPS has 24 nominal satellites but currently there are 30 satellites in orbit 
(2011). The European Union proposed its own GNSS (named Galileo) in the 1980s and 
it has been designed as a service-oriented positioning system. Two testing satellites 
Galileo In-Orbit Validation Element (GIOVE) test satellites A/B have been launched 
and the first operational satellite is scheduled for launch in 2012. China has launched 
seven Compass satellites and is on a fast track to establish its own GNSS. The Chinese 
system has a more complicated constellation. It will have 27 satellites in a medium 
earth orbit (altitude of about 21,500 km), 5 satellites in a geostationary orbit (altitude of 
about 36,000 km), and 3 satellites on the inclined geosynchronous orbit (altitude of 
about 36,000 km).  
A regional augmentation system has been designed by Japan (named QZSS) and it has 
three satellites. It will provide enhanced navigation services by emitting compatible 
GPS navigation signals (L1C/A, L2C and L5C) and augmentation information for GPS 
corrections (Japan Aerospace Exploration Agency, 2009). The first QZS-1 was 
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launched in 2010. The QZSS satellites fly over Japan, eastern Asia and the Australian 
region and will provide better opportunities of utilizing GNSS RO for these areas 
(Figure 4-2).  
 
Figure 4-2 QZSS orbit (Japan Aerospace Exploration Agency, 2009) 
Table 4-1 A summary table of the four major GNSS (i.e. GPS, GLONASS, Galileo and 
Compass) and regional system (i.e. QZSS) 
 GPS GLONASS Galileo Compass QZSS 
Nominal 
Number of 
satellites 
24 24 30 35 3 
Orbit 
altitude 
20,200 km 19,100 km 23,222 km 27 in medium 
earth orbit, 5 in 
geostationary 
orbit, and 3 in 
geosynchronous 
orbit 
39,000 km  
Carrier 
frequencies 
L1: 1,575 MHz 
L2: 1,227 MHz 
L5: 1,176 MHz 
G1: 1,602 MHz 
G2: 1,246 MHz 
G3: 1,204 MHz 
E1: 1,575 MHz 
E5a: 1,176 MHz 
E5b: 1,207 MHz 
E6: 1,268 MHz 
E1: 1,557 MHz 
E2: 1,561 MHz 
E6: 1,268 MHz 
E5b: 1,207 MHz 
L1: 1,575 MHz 
L2: 1,227 MHz 
L5: 1,176 MHz 
Table 4-1 summarizes the details of four major GNSS and one regional system (i.e. 
QZSS) including the nominal number of satellites in their constellation, orbit altitudes, 
and carrier frequencies etc. 
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4.3.2 RO event simulation study with next generation multiple 
GNSS 
FORMOSAT-3/COSMIC is the first GPS RO mission that employs a six-satellite 
constellation for RO observations and it provides approximately 2,500 daily GPS RO 
events globally. Figure 4-3 is the snapshot of six hour ROE on 23rd August 2010. This 
is comparable to the number of atmospheric profiles obtained by the global radiosonde 
network which has about 2000 stations worldwide. On average, about 300 daily RO 
events can be observed within the Australasian region (see Figure 4-4). This is an order 
of magnitude greater than the number of atmospheric profiles obtained by the 38 
Australian radiosonde stations. The EGOPS (End-to-End GNSS Occultation 
Performance Simulator) software developed by the University of Graz is used in this 
simulation study (Kirchengast et al., 2007). Two line element sets (TLE) of both GNSS 
and LEO satellites are obtained from the Centre for Space Standards and Innovation 
and used for satellite orbit information in the simulation study.  L1 and L2 GNSS 
frequencies were simulated in the study.   
 
Figure 4-3 Distribution of FORMOSAT-3/COSMIC RO events in a period of six hours 
(3pm - 9pm) on 23rd August 2010 (retrieved from FORMOSAT-3/COSMIC UCAR 
website http://cosmic-io.cosmic.ucar.edu/cdaac/index.html on 23rd August 2010) 
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Figure 4-4 Distribution of simulated daily FORMOSAT-3/COSMIC RO events in the 
Australasian region with GPS only and the 38 Australian radiosonde stations 
FORMOSAT-3/COSMIC is designed with an expected life of about 5 years and the 
mission is expected end to around 2014/2015. The follow-on mission, 
FORMOSAT-7/COSMIC-2, has planned to launch 12 GNSS RO satellites in 2014. 
This mission will maintain a continuous quality of RO data. The 
FORMOSAT-7/COSMIC-2 satellites will employ a TriG RO receiver (developed by 
JPL) which is able to receive signals from GPS, GLONASS and Galileo and it should 
provide approximately 12,000 global RO events each day.  
With the rapid development next generation of GNSS, new RO missions will take 
atmospheric observation technique and research to a new era by 
• Increasing the number of transmitting and receiving satellites that will improve the 
coverage and horizontal resolution of the RO observations; 
• Providing additional carrier frequencies (e.g. L5 and E1) that will improve the 
atmospheric retrieval process such as ionospheric corrections;  
• Using new signals with more transmission power that will enhanced the GPS 
Signal-to-Noise ratio, consequently improving the RO retrieval process in the 
lower atmosphere; and  
• Adding new regional systems (e.g. QZSS) that will improve distribution of RO 
events in the region of interest. 
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Figure 4-5 and Figure 4-6 illustrate the simulated distributions of daily RO events from 
both FORMOSAT-3/COSMIC and FORMOSAT-7/COSMIC-2 with GPS, Galileo, 
GLONASS and QZS-1. The expected increased density of RO profiles from these 
missions which employ the future GNSSS is clearly demonstrated.  
 
Figure 4-5 Distribution of simulated daily FORMOSAT-3/COSMIC RO events in the 
Australasian region with GPS, Galileo and GLONASS 
 
Figure 4-6 Distribution of simulated daily FORMOSAT-7/COSMIC-2 RO events in the 
Australasian region with GPS, Galileo, GLONASS and QZS-1 
The daily RO events from FORMOSAT-7/COSMIC-2 using the major GNSS (i.e. GPS, 
Galileo, GLONASS and QZSS) will be in excess of 3,000 (Figure 4-7). The 
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FORMOSAT-7/COSMIC-2 constellation is designed to provide a uniform coverage of 
the global with an increased number of observations in equatorial and tropical regions 
compared to FORMOSAT-3/COSMIC configurations. It will be achieved with the 
launch of 6 satellites at an inclination of 72˚ orbit and 6 satellites at an inclination of 
24˚ orbit. 
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Figure 4-7 Simulated number of daily RO events from FORMOSAT-3/COSMIC and 
FORMOSAT-7/COSMIC-2 with future GNSS in the Australasian region at different 
latitude zones 
4.4 Study of the RO data processing 
Weather forecasting, and most meteorological research, relies on accurate real-time 
atmospheric information. In response to extreme weather events, real-time observations 
and quick data processing and analysis can lead to significant social and scientific 
benefits. However, real-time atmospheric observations and data processing create 
critical challenges for IT infrastructure and software engineering. With the rapid 
development of this monitoring technique, the quantity of the data available is 
increased dramatically and as a consequence the demand for robust data storage and 
processing solutions is increased. With the GNSS RO technique, the high sampling rate 
means that a large amount of data will be generated every hour. The limited 
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computation, storage and power consumption on the micro-satellite restricts the 
onboard processing. The number of ground communication stations is also a limited 
resource. These are often shared by hundreds of satellites. Therefore, the RO data 
centres will be required to store a vast quantity of data plus produce atmospheric 
information in near real time in order to meet the needs of many meteorological users. 
4.4.1 Introduction of the RO data processing 
The GNSS RO signals are captured by and stored in the LEO satellites. The LEO 
satellite flies over one of the ground communication stations every 100 minutes where 
data are downloaded. These are then sent to the central data processing centre directly. 
In order to retrieve the atmospheric information from the raw GPS signal measurements, 
various input data from other sources are necessary and then a number of steps in data 
processing and analyses are required.  
First, precise satellite orbits need to be calculated based on the reference data from 
other data service centres. The input reference data required are in near real-time and of 
a large volume. In general, both the GPS RO raw data and input data are stored in 
binary files. Computations in this step are also intensive.  
The bending angle of the GPS RO signals and hence the refractivity of the atmosphere 
requires the precise satellite orbit information as the first step. Due to the physical 
characteristic of the atmosphere and its impact on the GPS signals, computations are 
conducted at different portions of the atmosphere, i.e. ionosphere, stratosphere and 
troposphere. The bending angle and refractivity profiles from these different 
atmospheric layers are retrieved. These profiles can be used directly for meteorological 
research and operations. Most of the data files are in common NetCDF or BUFR binary 
formats.  
The most important atmospheric characteristics needed for general meteorological use 
are the temperature, pressure and water vapour. In order to separate these profiles from 
refractivity and bending angle profiles, background information is required at different 
layers of atmosphere. The background information is obtained from other 
meteorological observations and models. The final products can be stored in various 
file formats for different purposes.  
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The UCAR COSMIC Office offers RO products in four classes (Levels 0, 1A, 1B and 
2). Level 0 is raw GPS measurement data while Level 2 contains the final products 
including atmospheric refractivity, temperature, pressure and water vapour pressure 
profiles. Intermediate products (Levels 1A and 1B) consist of atmospheric phase delay, 
signal amplitude and atmospheric Doppler shifts and atmospheric bending. 
The current processing delay is about 2 hours. The delay is mainly due to the limited 
number of ground communication stations. Data are downloaded to the stations every 
100 minutes and additional approximately 30 minutes are needed for data processing. 
This is real-time processing for high priority applications such as forecasting and 
cyclone tracking. The post-processing, which requires higher quality of satellite orbit 
data and other background data, takes more time.  
4.4.2 RO data processing centre 
The Australian region can gain the maximum advantages from this space-based 
technology because 1) it is located in the Southern Hemisphere where a very limited 
number of weather observational stations exist compared with the Northern 
Hemisphere, 2) it has large unpopulated areas where the cost of establishing 
ground-based weather stations is high, and 3) it owns two satellite communication 
stations located in the Southern Hemisphere. Australia has unique geographical 
advantages which could permit it to play an important role in satellite Earth 
observations. In December 2002, Australia launched an LEO Earth observation satellite 
with a GPS RO unit FedSat (Federation Satellite) onboard respectively. However, no 
useful RO information was received. It is important for Australia to continue its 
research efforts and development in this area.  This could advance Australian 
meteorological applications and provide a better response to climate change challenges 
and also enhance the Australian reputation in the international space industry. 
Establishing an Australian GNSS RO data processing centre could be a core component 
of the future endeavour in this scientific area. 
Another challenging aspect is the complexity and cost of the Information Technology 
and Communication (ITC) to support meteorological information, especially in this era 
of explosion usage of satellite observations. As discussed earlier, the future GNSS RO 
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will utilise hundreds of satellites and generate thousands of atmospheric profiles daily. 
Moreover, the atmospheric observations and analyses are always complicated by the 
extreme weather events and the long-term needs to respond to climate change. More 
observations along with faster processing capacity are the continuous demand from 
meteorologists. It should be noted that GNSS RO profiles will not be used alone but in 
conjunction with other observations. All data will then be assimilated into various 
meteorological models. The Australian GNSS RO data processing centre, therefore, 
will need to access the downloaded satellite data directly, to process the data with short 
latency, and also integrate seamlessly with the BoM’s information infrastructure.   
Figure 4-8 shows the proposed system structure for the RO data processing. The GNSS 
RO data centre will receive the LEO data (including LEO navigation observations and 
GNSS RO observations) from the ground satellite communication stations. There will 
also be other necessary inputs for the data retrieval process including the GNSS satellite 
precise orbits, GNSS ground-station observations and meteorological background data. 
These datasets will be stored in the database and be ready for processing. The data 
retrieval process algorithms produce a number of atmospheric data products (L0, L1a, 
L1b and L2 products) at various stages and for different purposes (i.e. POD processing, 
bending angle, ionospheric and atmospheric retrieval, and assimilation processes). The 
production interface is required to exchange information with other meteorological 
models and allow users to extract data in a customized format. 
The main challenges for the GNSS RO data processing centre are the large amount of 
data involved and the critical requirement in real-time processing for meteorological 
applications. In order to address these challenges, comprehensive investment in the ITC 
infrastructure, data model and database, as well as the software engineering will be 
required. “Cloud” computing based infrastructure has a number of advantages that meet 
such ITC infrastructure needs because it provides cluster computation and mega storage 
capability plus the flexibility for extension. High volumes of dimensional data and 
Spatio-temporal information are key issues in data modelling and database management. 
The mega volume of the data increases the complexity of the data storage and the 
computational process. The data model/database and related techniques (e.g. spatial and 
temporal indexing) play a critical role in the efficient data maintenance and data 
processing. Similarly, software engineers often experience difficulty to handle the 
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multi-dimensional information in an efficient manner, especially for real-time 
applications. The GNSS RO data processing presents significant challenges in 
computer engineering and requires comprehensive and robust solutions. 
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Figure 4-8 RO data processing system structure 
The rapid development of satellite missions has generated large volumes of quality data 
and these data are creating new opportunities for many research communities. Because 
all atmospheric data obtained are valuable, there is an additional issue of utilizing the 
data across all GNSS missions. Often satellite missions have their own data format, 
data processing software, infrastructures, and their own user communities. Sharing of 
the infrastructure, software and data is difficult but is important for efficient research. 
There is a need to standardise the satellite data formats, software framework and ICT 
infrastructure in order to share resources and reduce the implementation and 
maintenance costs. This is a vital consideration for all future satellite RO missions.  
4.5 Summary 
This chapter presented the history, current status and future of GNSS RO missions and 
the increasing importance of the technique in global meteorological research 
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communities. Many meteorological agencies have started to utilise this space-based 
atmospheric observational technique and even develop their own GNSS RO satellites. 
Australia is likely to be one of the counties which will benefit greatly from such 
satellite technology due to its large unpopulated areas and its critical geographical 
position for input into world meteorology. A simulation study has been conducted to 
study the Australian opportunities from the GNSS RO technique using the future 
multiple GNSS technology. Over three thousands GNSS RO retrieved atmospheric 
profiles can be expected daily for the Australasian region. The amount of data will 
make an important contribution to Australian meteorological studies and also to the 
global context. This chapter also discussed the computational challenges of establishing 
an Australian GNSS RO data process centre a systematic skeleton of the data 
processing centre is investigated. This would provide Australia with direct access to the 
technique and data. A comprehensive computer engineering solution is required to 
address challenges in the ICT infrastructure, data model/database, and software. It is 
vital to invest in such satellite data processing centre to enhance Australian capabilities 
not only in the meteorological studies but also in many other space related studies and 
industries.   
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Chapter 5 Evaluation of the GNSS RO Retrievals for 
the Australasian and the Antarctic Regions 
5.1 Introduction 
As mentioned earlier radio occultation technology, for probing atmospheric information, 
has been utilised in a number of planetary discovery missions since the 1960s and for 
the Earth atmospheric observations since 1995. However, studies in incorporating the 
new atmospheric data into existing meteorological operational systems and applications 
are still in an early stage for meteorological communities. One reason for this delay is 
because of the technical difficulties involved in the retrieval processes for the lower 
atmosphere (i.e. from surface to the lower stratosphere). This portion of the atmosphere 
however, is the key region of interest for meteorologists and climatologists. The 
technical difficulties and the recent international research have been discussed in 
Chapter 3. Another challenging factor is due to the complexities of the atmospheric 
systems and the meteorological models. Many current meteorological systems will be 
influenced by the large quantities of valuable data introduced by GNSS RO technology. 
Therefore, comprehensive and detailed evaluations of the new RO data need to be 
conducted. The characteristics of the datasets must be studied more thoroughly to 
maximise the benefits of the new technology and to avoid/reduce problems that might 
be introduced into the current systems and models.  
The results obtained from evaluation studies of GNSS RO observations are of particular 
interest to the Australian meteorological community (such as BoM) as the new 
technology will be introduced into practical usages for the first time. A series of 
evaluation studies focusing on the key research areas related to Australia (i.e. the 
Australian continent, the surrounding oceans and the Antarctic region) have been 
conducted through collaborative projects between RMIT and the Australian BoM since 
2004. In these studies, atmospheric profiles obtained from CHAMP and 
FORMOSAT-3/COSMIC RO missions were evaluated. These profiles processed by 
two different data centres (i.e. JPL and UCAR) using independent data processing 
systems have been evaluated. Radiosonde measurements (from the Australian BoM and 
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the WMO) and NCEP data were used as a comparison with that GNSS RO derived 
atmospheric profiles.   
Four evaluation studies were designed and conducted to assess the different aspects of 
the RO data compared with different datasets over various study areas and periods. The 
results of these studies have demonstrated good agreements between GNSS RO 
retrievals and radiosonde data and NWP model data (Fu et al., 2007; Fu, 2008; Fu et al., 
2009b). The details of these studies are presented and the outcomes are discussed in this 
chapter.   
5.2 Datasets used 
Australian Radiosonde Observations 
Australia is one of the key members of the WMO and it maintains 16 Global Climate 
Observing System Upper-air Network (GUAN) stations (Australian Bureau of 
Meteorology, 2002). These stations (including three in Antarctica) provide consistent 
high quality upper-air information about the sate of the atmosphere. The data from 
these stations are the basis for many Australian meteorological applications and are 
available to all WMO national members. The Australian GUAN stations utilise 800g 
balloons which can reach altitudes up to 30 km. Atmospheric information of 
temperature, pressure and wind are measured throughout the network. In addition to the 
16 GUAN stations, Australia also maintains another 22 radiosonde stations that can 
observe the upper-air atmosphere at a comparable standard. Australia has been 
consistently using Vaisala radiosonde system at all the 38 stations. 
Figure 5-1 shows the locations of the 38 Australian radiosonde stations. Most of these 
stations are located at airports within cities on the Australian mainland and a few in the 
central remote areas. There are also three stations in Antarctica, four at remote 
Australian islands and one in Tasmania.  
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Figure 5-1 Locations of the 38 Australian radiosonde stations with their WMO ID  
For these evaluation studies, radiosonde data from these 38 stations were obtained from 
the Australian BoM. The data contained profiles of air temperature (ºC), dew point 
temperature (ºC), relative humidity (%), pressure (hPa), geopotential altitude (gpm to 
nearest 0.1 m) and their quality indicators. Relative humidity is calculated from the dew 
point temperature and the air temperature. All the other parameters are direct 
observations. The Australian radiosonde stations are routinely operated four times per 
day at 00:00, 07:00, 13:00 and 19:00 hour (local time) respectively. However, the 
reality is that the number of observations varies from day to day due to many technical 
or non-technical reasons, including device faults and difficult weather conditions. Table 
5-1 lists the station IDs, names and their elevations above mean sea level (created based 
on Australian Bureau of Meteorology, 2002). 
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Table 5-1 A list of 38 Australian radiosonde stations with their WMO station IDs, 
names and elevations 
WMO 
ID Station name 
Elevation 
(meters) 
WMO 
ID Station name 
Elevation 
(meters) 
94203 BROOME AIRPORT 7.4 94767 SYDNEY AIRPORT AMO 6 
94312 PORT HEDLAND AIRPORT 6.4 94294 TOWNSVILLE AERO 4.3 
94302 LEARMONTH AIRPORT 5 94910 
WAGGA WAGGA 
AMO 212 
94430 MEEKATHARRA  AIRPORT 517 94170 WEIPA AERO 18 
94403 GERALDTON AIRPORT 33 94776 
WILLIAMTOWN 
RAAF 9 
94610 PERTH AIRPORT 15.4 94659 WOOMERA AERODROME 166.6 
94802 ALBANY AIRPORT 68 94672 ADELAIDE AIRPORT 2 
94638 ESPERANCE 25 94578 BRISBANE  AERO 4.5 
94647 EUCLA 93.1 94510 CHARLEVILLE AERO 301.6 
94637 KALGOORLIE-BOULDER AIRPORT 365.3 94711 COBAR MO 260 
94461 
GILES 
METEOROLOGICAL 
OFFICE 
598 94120 DARWIN AIRPORT 30.4 
94150 GOVE  AIRPORT 51.6 89611 CASEY 40 
94975 HOBART AIRPORT 4 96996 COCOS ISLAND AIRPORT 3 
94866 MELBOURNE AIRPORT 113.4 89571 DAVIS 18 
95527 MOREE AERO 213 94995 LORD HOWE ISLAND AERO 5 
94821 MOUNT GAMBIER AERO 63 94998 
MACQUARIE 
ISLAND 6 
94332 MOUNT  ISA AERO 340.3 89564 MAWSON 9.9 
94750 NOWRA RAN AIR STATION  AWS 109 94996 
NORFOLK ISLAND 
AERO 111.7 
94374 ROCKHAMPTON  AERO 10.4 94299 WILLIS ISLAND 8.1 
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Data Generated by Weather Models 
Operational global analysis data from NCEP (National Centre for Environmental 
Prediction) was also used in the validation studies. A number of observation data are 
used in NCEP models as inputs, e.g. global radiosonde data, marine surface data, 
aircraft data, land surface data, satellite sounder data and satellite cloud drift winds 
(Kalnay et al., 1996). It produces at 1º × 1º grids in 26 levels from 1000 hPa to 10 hPa 
at six hourly intervals. 
Data pre-processing 
These evaluation studies employed very large quantities of data (hundreds of G-bytes) 
from different sources, e.g. the Australian Bureau of Meteorology, UCAR and JPL. 
These datasets were also in different formats, e.g. ACSII, CSV and NetCDF. In order to 
utilise all the data efficiently, a database system was designed and developed to manage 
and process the datasets as part of this research. The data system (shown in Figure 5-2) 
consists of 1) a database system with a number of tables for hosting the different 
datasets, 2) data pipe modules that can input data from different sources, and 3) data 
analysis modules for data processing and statistical analysis.  
Database with 
table structure
Data 
Pipe 
Modules
•ASCII
•CSV
•NetCDF
•BUFF
•Binary
•……
Data 
Analysis 
Modules
A B
Match Location
Match Time
Match resolution
 
Figure 5-2 Database system developed for the GNSS RO data management and 
processing 
The database was implemented in the open-source database management system 
MySQL 5.2. The data are organised in three levels, namely databases (for different data 
categories, i.e. RO data products and radiosonde data), tables that contain the raw data, 
and data views that are a logical structure of tables for operations. The designs of the 
tables and data views have also considered the size and usage of the datasets that are 
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needed for different datasets. The data frequently required are extracted into dedicated 
tables and/or data views. For example, RO title tables were created to contain the basic 
RO events information, e.g. latitude/longitude, time and satellite ID. Indexes are also 
created on tables to speed data retrieval.  
The data pipe modules were written in different languages for different data formats. 
These languages include C++, SQL (Structured Query Language) and IDL (Interactive 
Data Language). These modules have been developed and updated during the research 
processes to handle the varying datasets. The data match modules were developed to 
generate comparable data pairs from the database. Since data were measured via 
independent instruments, they were matched using their 3D locations (position and 
altitude) and time. Due to the limited number of data available and the different 
resolutions used amongst these datasets, an interpolation mechanism is required. In 
most cases, this interpolation was obtained via an interpolation routine developed in 
IDL.  
5.3 Evaluation studies – results and discussions 
5.3.1 Evaluating CHAMP retrievals by using NCEP reanalysis 
In this study, ten CHAMP RO profiles were found with the collocated NCEP weather 
prediction model generated data. These CHAMP RO atmospheric profiles (i.e. 
refractivity, temperature, pressure and water vapour pressure) were obtained from the 
Global Environmental & Earth Science Information System (GENESIS) developed by 
JPL.  
The height ranges of these CHAMP RO events are between altitude of about several 
hundred of meters and about 30 km above the Earth’s surface. The vertical resolution of 
the CHAMP RO generated atmospheric profiles was about 300 meters. Ten CHAMP 
RO events were selected for this study. These RO events occurred in the Australasian 
regions (within the continent, around the coastal line and in the surrounding ocean areas) 
between April and November 2006 (see Figure 5-3).  
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Figure 5-3 Distribution, event number and date of the selected radio occultation events 
Refractivity 
The air density of Earth atmosphere varies with different altitudes. This results in 
atmospheric refraction of GNSS radio signals when they pass through the atmosphere. 
The study of atmospheric refractivity will provide us inside information about air 
density, pressure and temperature. Refractivity is the first atmospheric parameter 
retrieved from the GNSS RO signal measurements. 
Refractivity profiles derived from the ten CHAMP RO events were compared with the 
collocated NCEP data. The mean difference in refractivity index between CHAMP RO 
Event #4 and its collocated NCEP gave the smallest difference of the ten study events, 
while Event #9 had the largest mean difference.  
Figure 5-4 illustrates the comparison results of refractivity from CHAMP RO Event #4 
and #9. Charts (a) and (c) in Figure 5-4 show the refractivity profiles (blue line with 
marks for CHAMP data and red line for NCEP data) at different altitudes, while Charts 
(b) and (d) display the differences between the two profiles. In general, CHAMP RO 
retrievals appear to agree very well with the NCEP data. The refractivity differences 
between NCEP and CHAMP RO in the troposphere are larger than those in the 
stratosphere. The differences in refractivity index between the two datasets can be over 
15 units in the lower troposphere. The results also show that the CHAMP RO retrieved 
refractivity index is generally higher than those from the NCEP data.  
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Figure 5-4 Refractivity profiles from the CHAMP RO events #4 and #9 against 
altitudes (compared with their collocated NCEP profiles) are shown in (a) and (c) 
respectively; and the differences between the two datasets are shown in (b) and (d).  
Temperature 
The CHAMP data description states that the CHAMP RO temperature should be 
replaced by the NCEP data when the temperature is warmer than -43 ºC in the 
troposphere. It should be noted that this study was conducted in 2007 using early 
CHAMP data while the data used in other studies are from other sources which do not 
have this limitation. Therefore, there are no differences between CHAMP and NCEP 
temperatures found in the lower troposphere. This is due to the general poor retrieval 
results of CHAMP RO in the lower troposphere. The mean difference between the 
Event #8 and collocated NCEP temperature profiles presented the smallest one of the 
ten study events, while Event #9 has the largest mean difference. In general, the 
temperature differences are within 2ºC and the CHAMP RO retrievals are cooler than 
NECP data (Figure 5-5). 
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Differences of the temperature profiles
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(b) Differences of the temperature profiles
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Figure 5-5 Temperature profiles from the CHAMP RO events #8 and #9 (with their 
collocated NCEP profiles) are shown in (a) and (c) against altitude respectively; and the 
differences between the two datasets are shown in (b) and (d) respectively.  
Pressure and water vapour pressure 
Figure 5-6 presents the comparison results for dry pressure over CHAMP RO events #3 
and #9 and Figure 5-7 presents water vapour pressure over Event #4 and #5. Both the 
dry and wet pressure comparison results show a good agreement, especially in the 
stratosphere. Water vapour is a dominant factor for refractivity in the lower troposphere 
and it is difficult to separate the wet component from the pressure using the GNSS RO 
technique.  
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Differences of the pressure profiles
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Figure 5-6 Pressure profiles from the CHAMP RO events #3 and #9 against altitude 
(with their collocated NCEP profiles) are shown in (a) and (c) respectively; and the 
differences between the two datasets are shown in (b) and (d) respectively 
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Figure 5-7 Water vapour pressure profiles from the CHAMP RO events #4 and #5 
against altitudes (with their collocated NCEP profiles) are shown in (a) and (c) 
respectively; and the differences between the two datasets are shown in (b) and (d) 
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Overall results 
Atmospheric refractivity, temperature, pressure and water vapour pressure were 
analysed and evaluated in the Australian context for the ten selected CHAMP RO 
events. The results have demonstrated good agreements between CHAMP RO and 
NECP profiles. Table 5-2 summaries the statistical differences of the four atmospheric 
parameters derived from the CHAMP and NCEP data over the ten selected events. The 
mean difference in temperature is 0.34 ºC with a standard deviation of 1.11 ºC. The dry 
and wet pressures have also shown good results, i.e. for dry pressure (mean difference: 
0.39 hPa and standard deviation: 0.62 hPa) and wet pressure (mean difference:-0.35 
hPa and standard deviation: 0.88 hPa) respectively. Refractivity index values range 
between 0 and 320 units. The mean value of the differences for refractivity is only -1.62 
units with a standard deviation of 4.06 units.  
Table 5-2 Statistical differences of atmospheric parameters between NCEP and 
CHAMP profiles 
Mean differences (Standard Deviations) 
RO 
Events Refractivity 
(index) Temperature (ºC) Pressure (hPa) 
Water Vapour 
Pressure (hPa) 
#1 -1.98 (6.35) 0.167 (0.84) 0.85 (0.95) -0.47 (1.42) 
#2 -1.32 (3.13) 0.487 (0.87) 0.63 (0.45) -0.27 (0.63) 
#3 -0.71 (1.99) 0.520 (0.92) 0.01 (0.22) -0.14 (0.44) 
#4 -0.50 (1.70) 0.320 (0.75) 0.41 (0.35) -0.10 (0.36) 
#5 -2.35 (5.67) 0.497 (0.88) 0.65 (0.50) -0.53 (1.25) 
#6 -2.07 (3.26) 0.812 (1.37) 0.44 (0.17) -0.45 (0.72) 
#7 -1.71 (5.10) 0.644 (1.06) 0.58 (0.61) -0.37 (1.08) 
#8 -1.39 (3.18) -0.002 (1.06) 0.39 (0.51) -0.31 (0.72) 
#9 -2.43 (5.57) -1.225 (1.83) -2.17 (1.11) -0.42 (1.17) 
#10 -1.70 (4.68) 1.220 (1.49) 2.12 (1.33) -0.43 (1.04) 
Mean -1.62 (4.06) 0.344 (1.11) 0.39 (0.62) -0.35 (0.88) 
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There were four RO events (i.e. #2, #5, #6 and #10) that were located offshore (see 
Figure 5-3). There are no apparent differences found in the evaluation results between 
these four offshore events and the remaining land events. This suggests that the 
CHAMP RO meteorological observation technology can overcome the geographical 
limitation of conventional ground-based methods such as radiosonde observation 
stations. It includes cost savings for monitoring difficult-to-access areas such as the 
oceans.  
Figure 5-8 shows the differences of mean differences and the maximum and minimum 
values of the four atmospheric parameters respectively between the two datasets. These 
differences are quite close to zero. For example, the temperatures in eight profiles have 
mean differences below 1 ºC and the differences of water vapour pressure are all very 
close to zero. The X-axis in Figure 5-8 is the geographical latitudes of the RO events.  
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Figure 5-8 The mean differences of the four atmospheric parameters (i.e. refractivity, 
temperature, pressure and water vapour pressure) between CHAMP and NCEP. The 
error bars present the maximum and minimum differences between the two datasets.  
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5.3.2 Evaluation of FORMOSAT-3/COSMIC retrievals by using 
radiosonde 
This study was designed to evaluate FORMOSAT-3/COSMIC GPS RO derived 
atmospheric profiles by using the Australian radiosonde data. The study area is 
bounded by latitudes [10˚S, 70˚S] and longitudes [75˚E, 170˚E]. This area covers all of 
the 38 Australian radiosonde stations geographically. There were 14,638 
FORMOSAT-3/COSMIC RO events (Figure 5-9) recorded during a 3-month period 
from January 1 to March 31 2007. In this research, 42 collocated pairs were found by 
employing a 100 km radial distance buffer and a two hours temporal buffer based on 
the radiosonde records. 
 
Figure 5-9 Distributions of the radiosonde stations (red triangles) and 
FORMOSAT-3/COSMIC RO events (green dots) for a period of three months from 
January 1 to March 31 2007 
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Figure 5-10 Mean differences between FORMOSAT-3/COSMIC and radiosonde in 
temperature (upper plot) and pressure (lower plot) of the 42 study pairs against their 
latitudes 
Temperature and pressure data derived from both radiosonde and 
FORMOSAT-3/COSMIC were compared for the 42 collocated samples. A good 
agreement between the two data sources has been found. 88% of the samples have 
mean temperature differences less than 1 ºC. The average of the mean temperature 
differences is about 0.1 ºC with a standard deviation of 1.5 ˚C. For pressure, 90% of the 
samples have mean differences less than 2 hPa and the average of mean differences 
is -1.1 hPa with a standard deviation of 0.9 hPa. Figure 5-10 shows the temperature (the 
upper plot) and pressure (the lower plot) mean differences for the 42 pairs against 
latitudes. The result suggests that FORMOSAT-3/COSMIC RO data generally have 
higher pressure than the radiosonde.  
Figure 5-11 shows the differences of both temperature (the upper plot) and pressure 
(the lower plot) against altitudes with the 95% statistical confidence intervals. These 
estimates were obtained by transforming the variable in each case so that the 
assumptions required by the ordinary least squares estimation procedure for regression 
models (in particular the requirement of homoscedasticity for the residuals of the model) 
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were satisfied.  Polynomials of sufficiently high degree were fitted, the prediction 
intervals calculated (that is, the confidence intervals for the individual response) and the 
inverse transformation applied to the fitted curve and the associated prediction intervals. 
The graphs shown in Figure 5-11 present the differences between 
FORMOSAT-3/COSMIC and radiosonde and patterns along their heights. The random 
errors of the FORMOSAT-3/COSMIC RO temperature retrievals along altitude are 
apparent since the mean difference line (green dotted line in the upper plot of Figure 
5-11) is close to zero and nearly parallel to the 95% confidence interval lines. The 
pressure difference between FORMOSAT-3/COSMIC RO and radiosonde in the 
troposphere is larger than those in the stratosphere (shown in the lower plot in Figure 
5-11). The result also indicates that FORMOSAT-3/COSMIC RO pressure is generally 
higher than the radiosonde (see the green mean difference line in the lower plot of 
Figure 5-11). 
 
Figure 5-11 Differences in temperature (upper plot) and pressure (lower plot) between 
FORMOSAT-3/COSMIC and radiosonde against their altitudes and in the two plots, 
the green lines in the middle of each plot represent the mean differences and the blue 
and red lines are the 95% confidence intervals. 
Spatial and temporal characteristics of the new data sources are vital for meteorological 
research and practical applications. Spatial representation maps illustrate the spatial 
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patterns for better interpretation of the geographical aspects of the 
FORMOSAT-3/COSMIC RO technique. In Figure 5-12, the temperature differences 
between FORMOSAT-3/COSMIC and radiosonde range between -0.9 ºC and 2.0 ºC. 
Most of the RO events studied (grey dots in Figure 5-12) gave a good agreement in 
temperature between FORMOSAT-3/COSMIC RO and radiosonde (i.e. differences < 
±0.5 ºC), and only a couple of RO events (orange and red dots) have temperature 
differences larger than 1 ºC. It also appears that those FORMOSAT-3/COSMIC RO 
events with temperature differences larger than ±0.5 ºC were located at middle and high 
latitude areas (see Figure 5-12).  
 
Figure 5-12 Temperature differences between radiosonde measurements and 
FORMOSAT-3/COSMIC derived values 
Similarly, Figure 5-13 presents the pressure differences between 
FORMOSAT-3/COSMIC and radiosonde on map. The pressure differences between 
the two datasets range from -1.9 to 0.5 hPa. The results show that pressures derived 
from FORMOSAT-3/COSMIC are higher than radiosonde. Those events presented as 
grey dots in the map have differences smaller than 0.5 hPa between 
FORMOSAT-3/COSMIC RO and radiosonde.  
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Figure 5-13 Pressure differences between radiosonde measurements and 
FORMOSAT-3/COSMIC derived values 
Continuous, accurate and high resolution measurements of the atmospheric profiles are 
important for numerical weather prediction analysis and climate related studies. GNSS 
RO derived atmospheric profiles have been considered as good data sources for 
atmospheric related research. In this study, the quality of the FORMOSAT-3/COSMIC 
data is assessed with statistical methods and the outcome of this study shows a very 
good agreement with the Australian regional radiosonde data. Such a large volume of 
atmospheric profiles obtained by GNSS RO technique will have a tremendous impact 
on the meteorological studies and applications. Most importantly, the GNSS RO 
derived atmospheric profiles are not restricted by geographic locations unlike the 
radiosonde technique (only 38 stations in Australia and most of them at coastlines). 
Therefore, the new data sources derived from the GNSS RO technique has a great 
potential to fill the gaps in current ground-based weather observational station networks. 
5.3.3 Spatial analysis of FORMOSAT-3/COSMIC evaluation results 
Another comprehensive evaluation study was undertaken to assess the 
FORMOSAT-3/COSMIC RO retrieved atmospheric profiles (temperature and pressure) 
in the whole Australian area for a thirteen-month period (from 1st July 2006 to 31st 
July 2007). Radiosonde records from 35 Australian radiosonde stations were used for 
this evaluation. A radial buffer of 100 km and a temporal buffer of 2 hours were chosen 
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to match the FORMOSAT-3/COSMIC profiles with the radiosonde records. A total 
number of 204 collocated pairs of FORMOSAT-3/COSMIC derived atmospheric 
profiles and radiosonde observations were identified (Figure 5-14). 
 
Figure 5-14 Distributions of the 35 radiosonde stations (in red dots), 64,599 
FORMOSAT-3/COSMIC derived atmospheric profiles (in dark dots) and 204 
collocated pairs (in brown stars) for the period of 1st July 2006 to 31st July 2007. 
Atmospheric temperature and pressure were analysed and evaluated. The overall results 
have demonstrated good agreements between the two datasets. Table 5-3 summaries the 
mean values and standard deviations of the differences between 
FORMOSAT-3/COSMIC retrievals and radiosonde observations. The mean difference 
in temperature is -0.43 ºC with a standard deviation of 1.53. The result shows that the 
FORMOSAT-3/COSMIC RO temperatures are generally warmer than radiosonde data. 
Pressure profiles also show a good agreement (mean at 1.39 hPa with standard 
deviation 1.71). It appears that FORMOSAT-3/COSMIC RO pressure values are 
generally lower than radiosonde measurements. 
Spatial characteristics of the new data sources are vital for meteorological research and 
practical applications. In this study, the 204 pairs are classified into three geographical 
zones (i.e. inland, coastal and ocean) and three latitudinal zones (i.e. low altitude zone 
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[0°-23°S], middle latitude zone [23°-67°S] and high latitude zone [67°-90°S] 
respectively). It can be seen from Table 5-3 that the inland group has the smallest 
differences in both temperature and pressure when compared with the coastal and ocean 
groups. The high latitude zone (the Antarctic region) has the smallest differences in 
both temperature and pressure when compared with the low and middle latitude zones.  
Table 5-3 The means and standard deviations of the differences (in temperature and 
pressure) between FORMOSAT-3/COSMIC and radiosonde.  
Mean (Standard Deviation) 
Study Areas 
Temperature (ºC) Pressure (hPa) 
Overall 0.43 (1.53) -1.39 (1.71) 
Coastal 0.43 (1.48) -1.42 (1.80) 
Inland 0.20 (1.77) -1.26 (1.44) 
Ocean 0.48 (1.35) -1.94 (2.11) 
Low Latitude Zone (0S to 23S) 0.30 (1.57) -1.78 (1.57) 
Mid Latitude Zone (24S to 67S) 0.43 (1.53) -1.37 (1.87) 
High Latitude Zone (68S to 90S) 0.29 (1.36) -0.03 (0.45) 
The mean value of the differences in temperature between FORMOSAT-3/COSMIC 
and radiosonde and the standard deviations are represented in Figure 5-15. This map 
depicts that events in the coastal areas (i.e. eastern and western Australia) generally 
have larger differences and standard deviations in temperature than other areas.  
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Figure 5-15 Mean differences in temperature (and standard deviations) between 
FORMOSAT-3/COSMIC and radiosonde and the standard deviations of the differences 
are represented as density maps 
 
Figure 5-16 Means of the differences in pressure (and standard deviations) between 
FORMOSAT-3/COSMIC and radiosonde and the standard deviations of the differences 
are represented as density maps 
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Figure 5-16 depicts a similar spatial representation of the pressure comparison results 
between the FORMOSAT-3/COSMIC and radiosonde measurements. It can be seen 
that both the inland and high latitude areas have smaller differences in pressure since 
these areas are relatively dry. The result also shows that events with larger mean 
variations and standard deviations were in the south-west and eastern Australia. It is 
interesting to note that those events where FORMOSAT-3/COSMIC has higher 
pressure than radiosonde are clustered in the south east and south west of Australia (see 
Figure 5-16).  
Figure 5-17 shows the temperature differences (and corresponding standard deviations) 
between FORMOSAT-3/COSMIC RO and radiosonde against the altitudes, while 
Figure 5-18 shows the pressure result. It can be seen in Figure 5-17 that 
FORMOSAT-3/COSMIC data generally displays cooler temperatures at altitudes 
between 10 km and 20 km compared with radiosonde data. Larger pressure differences 
between the two datasets in the troposphere are found when compared with those in the 
stratosphere. The results also show that the FORMOSAT-3/COSMIC has generally 
lower pressure data compared with radiosonde observations.  
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Figure 5-17 Mean differences in temperature (and standard deviations) against the 
altitude from surface to 30 km with their standard deviations 
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Figure 5-18 Mean differences in pressure (and standard deviations) against the altitude 
from surface to 30 km with their standard deviations 
5.3.4 Study of the co-location criteria 
Evaluation of the GPS RO retrievals provides helpful information for the assimilation 
of the new data sources into the current meteorological systems and other applications. 
However, different evaluation studies use different co-location criteria to match the RO 
retrievals with atmospheric observational records. This study investigated the impact of 
different co-location criteria in terms of spatial and temporal separations (specifically, 
100, 200 and 300 km radial buffers with 1, 2 and 3 hour temporal buffers). Radiosonde 
data from the 38 Australian weather observational stations (including three in the 
Antarctic) were used to compare the RO retrieved temperature profiles from both 
CHAMP (between 2001 and 2008) and FORMOSAT-3/COSMIC (between 2006 and 
2009). The study regions were the Australasian region [between latitude 0-60º South 
and longitude 30-180º East] and the Antarctic region [latitude 60-90º South]. Table 5-4 
summarises the statistical means, standard deviations and sample sizes of the 
temperature differences between the radiosonde measurements and RO profiles using 
different co-location criteria. In general, larger buffers (either spatially or temporally) 
result in greater differences in both mean and standard deviations. In order to test the 
differences among the three different temporal (1, 2 and 3 hours) and three different 
spatial co-location windows (100, 200 and 300 km), a two-way analysis of variance 
(ANOVA) is carried out. In two-way ANOVA, the total sum of squared deviations 
( totalSS ) from the mean is calculated as∑ ∑ ∑
= = =
−
3
1
3
1 1
2
..
)(j k
n
i ijk
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xx , where ijkx denotes 
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the thi  temperature discrepancy at the thj  temporal and thk spatial co-location, and 
..
x is 
the grand mean temperature discrepancy over all observations. The sum of squared 
deviations from the means (SS) due to temporal, spatial, their interaction and error, 
were however computed based on the summary statistics given in Table 5-4. For 
example the mean, standard deviation and the sample size from each cell, rather than 
the raw observations. The details of computation can be found from Cohen (2010). 
Mean squares (MS) are defined as sum of squares (SS) divided by their degrees of 
freedom (DF), which equal c-1 for c levels of effect. The test statistic F is defined as 
the ratio between two mean squares and the denominator equivalent to the mean 
squares error. The final decision was made based on the resulting P-value, which gives 
the probability of observing a test statistic greater than the observed F value when 
assuming no temporal or spatial effect.  
Table 5-4  Means, standard deviations (STD) and the number of pairs (# Sample) of the 
temperature (ºC) discrepancies between radiosonde and RO data using different co-
location criteria 
1 Hour 2 Hour 3 Hour Collocation 
criteria 
CHAMP COSMIC CHAMP COSMIC CHAMP COSMIC 
Mean 0.37 0.34 0.37 0.35 0.35 0.35 
STD 1.04 1.09 1.06 1.10 1.09 1.12 100 km 
# Sample 93 341 170 672 239 1002 
Mean 0.38 0.35 0.40 0.35 0.39 0.35 
STD 1.10 1.16 1.13 1.17 1.15 1.18 200 km 
# Sample 281 1266 602 2583 884 3851 
Mean 0.39 0.36 0.40 0.36 0.39 0.37 
STD 1.16 1.22 1.18 1.23 1.20 1.24 300 km 
# Sample 556 2504 1189 5118 1776 7733 
Table 5-5 shows the ANOVA results (i.e. sum of squares (SS), degrees of freedom 
(DF), mean squares (MS), F and P-value) of the temperature (ºC) discrepancies 
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between radiosonde and CHAMP data, as well as between radiosonde and 
FORMOSAT-3/COSMIC respectively. The results from the ANOVA test suggests that, 
at the three selected levels of temporal criteria (1, 2 and 3 hours), there are no statistical 
differences detected for the temperature discrepancies between radiosonde and 
CHAMP (P-value=0.956). The differences at the three levels of spatial buffers (100, 
200 and 300 km) are also not statistically significant (P-value=0.834). The result also 
suggests that there is no interaction between the spatial and temporal effects 
(P-value=1.000). For the temperature discrepancies between radiosonde and 
FORMOSAT-3/COSMIC, there is no statistical difference detected at the selected 
range of spatial and temporal co-location criteria within 3 hours and 300 km (see Table 
5-5). 
Table 5-5 Analysis of variance results (i.e. sum of squares (SS), degrees of freedom 
(DF), mean squares (MSS), F and P-value) for temperature (ºC) discrepancies between 
radiosonde and CHAMP, and between radiosonde and FORMOSAT-3/COSMIC data.   
 CHAMP COSMIC 
Source SS DF MS F P-val
ue 
SS DF MS F P-valu
e 
Temporal 0.123 2 0.062 0.046 0.956 0.181 2 0.090 0.075 0.928 
Spatial 0.490 2 0.245 0.182 0.834 1.337 2 0.669 0.555 0.574 
Temporal 
Spatial 0.048 4 0.012 0.009 1.000 0.003 4 0.000 0.000 1.000 
Error 7790.
297 5781 1.348   
30173.
364 25061 1.204   
Total 7790.
958 5789    
30174.
880 25069    
In this study, FORMOSAT-3/COSMIC shows systematically smaller mean differences 
and standard deviations compared than the CHAMP RO (see Table 5-4). It suggests 
that FORMOSAT-3/COSMIC RO mission has a better agreement with radiosonde data 
than the earlier CHAMP mission. 
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Collocation using the 300 km spatial and 3 hour temporal buffers are further 
investigated, as this provided more pairs for the comparison between GPS RO data and 
radiosonde data compared with other co-location criteria. The mean difference between 
radiosonde and CHAMP data is 0.39 ºC with a standard deviation of 1.20 ºC, while the 
mean difference between radiosonde and FORMOSAT-3/COSMIC data is 0.37 ºC with 
a standard deviation of 1.24 ºC. There is no statistical difference detected between these 
two temperature differences (P-value=0.461). Figure 5-19 and Figure 5-20 show the 
evaluation study results for CHAMP and FORMOSAT-3/COSMIC atmospheric 
retrievals at the 16 pressure levels respectively. In these two figures, the 95% 
confidence intervals for the population mean temperature differences were obtained, 
along with the sample sizes at each pressure level.  
All of the 95% confidence intervals for the mean differences contain the temperature 
difference of about ± 0.5 ºC. Therefore, the overall results show a significant statistical 
agreement between the GPS RO profiles (from both CHAMP and 
FORMOSAT-3/COSMIC) and radiosonde measurements. It can also be seen from both 
figures that the temperature profiles using GPS RO technique have a positive 
systematic difference between the 100 and 500 hPa pressure levels but a negative 
difference in the lower stratosphere (below 100 hPa pressure level) and troposphere 
(above 500 hPa pressure level) compared to the radiosonde data. At around the 100 and 
500 hPa pressure levels, both the CHAMP and FORMOSAT-3/COSMIC data agree 
well with radiosonde observations. The results also show that the confidence interval 
ranges are generally wider at both very low and very high pressure levels than the 
middle pressure levels. There are a large number of the samples for evaluation.  
80 
0
100
200
300
400
500
600
700
800
900
1000
-0.5 -0.25 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Mean
CI_low (95%)
CI_high (95%)
Count/1000
Pressure levels
Temperature differences and number of pairs (/1000)
 
Figure 5-19 CHAMP temperature profile comparison results (i.e. means, 95% confident 
levels and counts of comparison pairs divided by 1000) at standard pressure levels 
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Figure 5-20 FORMOSAT-3/COSMIC temperature profile comparison results (i.e. 
means, 95% confident levels and counts of comparison pairs divided by 10000) at 
standard pressure levels 
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When compared Figure 5-19 and Figure 5-20, it appears that the overall confidence 
intervals in the FORMOSAT-3/COSMIC are more accurate than those in the CHAMP 
comparison. Once again it suggests that the FORMOSAT-3/COSMIC RO data agree 
with radiosonde better than the CHAMP RO data.  
5.4 Summary 
This chapter presented four various evaluation studies to assess the GPS RO retrievals 
from both CHAMP and FORMOSAT-3/COSMIC satellite missions using both 
radiosonde measurements and NWP model. Studies were focused on Australasian and 
the Antarctic regions which are areas of primary interests for Australian meteorologists. 
Overall, the satellite retrieved atmospheric profiles agree well with the profiles from 
both the radiosonde measurements and the NCEP weather forecasting model.  
These evaluations show that GPS RO has poorer performance in the lower atmosphere 
(from surface to the lower stratosphere) about 6-8 km altitudes depending on the 
locations and the time of observations. The main reasons for this were discussed in 
Chapter Four. The results also suggest that the latest mission FORMOSAT-3/COSMIC 
provides better data than the older CHAMP mission, in terms of quantity and quality of 
profiles. Moreover, profiles generated from FORMOSAT-3/COSMIC have more 
detailed information in the lower atmosphere than CHAMP. Spatial characteristics of 
the evaluation results have been examined. No clear spatial patterns have been 
identified due to the limited number of RO events collocated with radiosonde 
observations. This also suggests that GPS RO technology can provide more information 
globally thus overcoming the geographical limitations of current weather monitoring 
networks. Research about the co-location criteria supported the evaluation studies that 
use spatial and temporal buffers to match the RO events with other datasets.  
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Chapter 6 Antarctic Temperature Trend and 
Australasian Tropopause Studies 
6.1 Introduction 
As discussed in the earlier chapters, the GNSS RO technique has global coverage and 
can overcome the inhomogeneous distribution of the group-based weather 
observational station network. The quality and resolution of GNSS RO data are 
comparable to radiosonde observations (see Chapter 5). Therefore, the GNSS RO 
technique can be a very important alternative to the current atmospheric observations. 
This chapter presents the climatological studies using the GNSS RO derived 
atmospheric information. These studies concentrate on two regions of interest, i.e. the 
Australasian and the Antarctic regions. Both regions have a very low population density 
(3.6 people per km2 for Australia and 0.00007 people per km2 for Antarctica) compared 
with other areas of the world (e.g. 86.7 per km2 for Asia) (King and Turner, 1997; 
Sturman and Tapper, 1996). Due to the very low population density, weather and 
climatological information obtained from these areas is limited. Antarctica is key 
interests of Australian meteorologist as it plays important role to the Australian weather 
and climate.  
A study was undertaken to examine the temperature trends over the Antarctic using 
both the radiosonde and GPS CHAMP data. A homogeneity trend analysis method was 
used for the first time to determine temperature trends from nine radiosonde stations 
located in Antarctica. Significant lower-stratospheric cooling and tropospheric warming 
have been found over the Antarctic for the past five decades (1956-2010) using 
radiosonde data. Temperature trends were also derived using CHAMP RO data 
collocated with these radiosonde stations and the results were compared with the 
radiosonde data. A study period of seven complete years, from 1st September 2001 
(beginning of the austral spring) to 31st August 2008 (end of the austral winter) was 
selected for the analysis to ensure that equal number of seasons was presented in the 
time series. The CHAMP RO derived temperature trends were compared with 
radiosonde derived trends for the same period. The study demonstrated that the 
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CHAMP RO data provided comparable atmospheric information for climatological 
studies with the radiosonde measurements but better space coverage over the Antarctic. 
The CHAMP RO data were grouped into forty-five equal areas of 800km square over 
the whole Antarctic region and the temperature trends of these areas at different 
standard pressure levels were examined.  
The tropopause is another important factor to weather and atmospheric phenomena 
(Seidel et al., 2001). Examining the tropopause structure and dynamics requires 
detailed vertical atmospheric profile information and is a challenging task (Fueglistaler 
et al., 2009; Randel et al., 2007). The GPS RO technique can retrieve high vertical 
resolution atmospheric profiles with a uniform global coverage. Therefore, enhanced 
tropopause information (i.e. better resolutions and distribution) can be expected from 
the new GPS-based technique (Lewis, 2009; Schmidt et al., 2005b; Steiner et al., 
2009b). Australian meteorology and climate studies can take advantage of this 
technique as it has large unpopulated areas and also tropical areas which have a 
complex tropopause. A study was designed to retrieve tropopause heights over the 
Australasian region using GPS FORMOSAT-3/COSMIC RO temperature profiles. The 
FORMOSAT-3/COSMIC RO mission provides a high vertical resolution of upper air 
temperature profiles. The study results confirm that the FORMOSAT-3/COSMIC RO 
temperature profiles are able to show more details of the atmosphere and characterise 
the tropopause better than other observational methods.    
6.2 Antarctic temperature change analysis 
6.2.1 The Antarctic 
The Antarctic continent has unique geographical and meteorological features. It is the 
only continent located in the Earth’s Polar area and it is totally within the Antarctic 
Circle (66°33′43″ South) (Johanson and Fu, 2007). Antarctica has an area of 
approximately 14 million square kilometres. It is the coldest, windiest and driest place 
on Earth. The thickness of average ice sheet is about 1.6 kilometres as a result of the 
high latitude and high average elevations (2,286 metres, higher than all other continents) 
(King and Turner, 1997). The ice sheet covers approximately 98% of the continent 
extending towards the Southern Oceans. The ice sheet itself also contributes to the 
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Antarctic weather as it reflects more solar radiation than other types of land coverage 
such as soil and vegetation.  
The unique features of the Antarctica described above are important influence to the 
atmospheric/oceanic systems and circulations (Bargagli, 2007). Heat transportation 
between the tropics and the polar areas forms key energy circulations in the atmosphere. 
Antarctica contributes to the atmospheric circulations not only in the Southern 
Hemisphere but also on a global scale. Similarly, ocean water is cooling down rapidly 
in the Southern Ocean around Antarctica’s coast. This transfers warm water to the 
Antarctic area and then the cool water is cycled back to the tropics. Antarctica is the 
“engine” of both atmospheric and ocean energy circulations. Therefore, any changes of 
the Antarctic climate have direct impacts to all atmospheric and oceanic systems, and 
consequently influence the global (especially Southern Hemisphere) weather and 
climate (Roberts et al., 2010).      
6.2.2 Temperature change study using radiosonde data 
Changes in the temperatures over the Antarctic in the recent decades have been 
recorded in a number of studies. Variations (both warming and cooling) over different 
areas of the Polar Region south to 60°S have been reported. In the earlier studies, 
noticeable warming of the Antarctic Peninsula was observed (King and Turner, 1997; 
Turner et al., 2006). Recently, examining long-term trends in the monthly mean 
near-surface temperatures for 18 stations in Antarctica derived from the Reference 
Antarctic Data for Environmental Research (READER) project data set (Turner et al., 
2006), it was found that 11 stations had warming trends and 7 had cooling trends. It 
was also noticed that only three stations show trends that are statistically significant: 
Faraday/Vernadsky on the peninsular, Novolazarevskaya in East Antarctic, which are 
both warming, and Amundsen-Scott at the South Pole, which has cooled. Also by 
examining changes in the Antarctic ice-sheet surface temperature since 1957, it was 
reported that significant warming extends well beyond the Antarctic Peninsula and 
covers most of West Antarctica. A warming rate exceeding 0.1°C per decade over the 
past 50 years was reported, which appears the strongest in the winter and spring (Steig 
et al., 2009).  
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Significant warming of the Antarctic winter troposphere has also been observed, based 
on radiosonde observations. Statistically significant increases in seasonal temperatures 
at many of the stations across the continent (including the coastal regions and at 
Amundsen-Scott) have been reported (Turner et al., 2006). Warming has occurred 
throughout the troposphere, with the maximum increase in temperature in the upper 
troposphere (UT), and maximum cooling in the lower stratosphere (LS). 
Atmospheric temperature measurements in the Antarctic are performed at a small 
number of observational stations. For example, data from only nine stations, most of 
them in East Antarctica, were selected to be suitable for examining temperature trends 
in the UT and the LS (Turner et al., 2006). To obtain reliable information about 
temperature spatial distribution over the remote areas such as the Polar Regions, 
satellite remote sensing is essential. Using the Microwave Sounding Unit (MSU) 
observations from NOAA’s polar orbiting satellites, temperature variations over the 
Antarctic were analysed and it was reported that since 1979 the Antarctic troposphere 
has warmed in winter and spring and cooled in the summer and autumn seasons 
(Johanson and Fu, 2007). Note that the MSU-derived data cannot be used to analyse 
temperature changes over the near-polar area of the continent as there are no 
observations south of 82.5°S. In addition, the accuracy of the MSU temperature 
measurements over the polar regions were questionable due to the disagreement 
between the satellite observations and in-situ radiosonde data (Swanson, 2003). 
Atmospheric temperature records can also be obtained using the emerging GNSS RO 
technique (Kursinski, 1997; Liou, 2010; Yuan et al., 1993). GNSS RO atmospheric 
observations provide global coverage, all-weather capability, long-term measurement 
stability and high-quality temperature measurements in the UT and the LS for a range 
of altitudes from about 5 to 25 km (Kuo et al., 2005; Rocken et al., 1997a). The high 
accuracy of the GNSS RO is of particular importance for reliable estimations of 
temperature variations over regions where radiosonde data are sparse or not available. It 
appears that the GNSS RO is currently the preferable satellite remote sensing 
methodology for the UT and the LS temperature monitoring. Detection of atmospheric 
temperature changes in the tropical UTLS using GNSS RO has been well documented 
(Steiner et al., 2009a). In this thesis, recent temperature trends in the Antarctic UT and 
the LS were estimated from GNSS RO observations. 
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6.2.3 Study datasets 
Firstly, results derived from GNSS RO observations were compared with radiosonde 
temperature records. GNSS RO data were obtained from UCAR 
(http://www.cosmic.ucar.edu/). Raw radiosonde data for 38 Australian stations 
(including the three Antarctica stations, Casey, Davis and Mawson) were provided by 
the National Climate Centre, Australian BoM. In addition, radiosonde data from the 
other six Antarctic stations (Amundsen-Scott, Bellingshausen, Halley, McMurdo, 
Novolazarevskaya and Syowa), were obtained from the HadAT2 dataset from the 
Hadley Centre, UK Met Office (http://hadobs.metoffice.com/hadat/). 
The changes in the UT and LS temperatures over the Antarctic region (south of latitude 
60°S) were investigated. Temperature trends were examined using data from the 
available CHAMP mission from May 2001 to August 2008. The CHAMP temperature 
data is the level 2 data product from UCAR. It is worth to note that the data was 
generated by new software package which the maximum of solar activity from 2001 to 
2003 has been taken into account. To investigate variations in the UT and LS 
temperatures, annual, seasonal and monthly mean temperatures at 600, 500, 400, 300, 
200, 100 and 50 hPa pressure levels were derived from the CHAMP RO data. The four 
seasons defined are summer (December, January and February [DJF]), autumn (March, 
April and May [MAM]), winter (June, July and August [JJA]) and spring (September, 
October and November [SON]). Temporal and spatial UT and LS temperature 
variations were examined by calculating annual, seasonal and monthly temperature 
trends at each of the 5 degree latitude/longitude grids grids from latitudes 60°S to 90°S 
and for each of the studied pressure levels. 
6.2.4 Temperature trends analysis 
The long-term temperature trends over the Antarctic were examined from radiosonde 
data by using a multiple regression method. This method takes into account the 
variations and number of observations in each month. Raw radiosonde measurements 
from three Australian stations (i.e. Casey, Davis and Mawson) were obtained from the 
Australian BoM. Mawson station’s data are available from 1995 to 2010 while Casey 
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and Davis stations have data from 1958 to 2010. It can be seen that there are some gaps 
in the data set (Figure 6-1).  
Temperature trends were calculated at the two key pressure levels (100 hPa and 500 
hPa). The results show a general cooling trend at 100 hPa and a general warming trend 
at 500 hPa for all three stations from 1950s to 2010 (Figure 6-1).   
 
Figure 6-1 Radiosonde temperature trend analysis over three Australian stations in 
Antarctic 
Radiosonde temperature data for eighteen weather monitoring stations in Antarctica 
were obtained from UK MetOffice. The data are monthly averages and the various 
record periods are between 1950 and 2010. Figure 6-2 shows the temperature trend 
analysis results at the 100 hPa pressure level. Nine stations with longer term records 
were selected for further temperature trend analysis presented in the next section. 
Downward (cooling) trends were found over all 18 stations (Figure 6-2). At 500 hPa 
pressure level, fourteen out of eighteen stations present upward (warming) trends 
(Figure 6-3). The stations with cooling trends are Mirnyj, Neumayer, Base Marambio 
and Domont Durville.  
The temperature trends derived from both raw BoM data and monthly UK MetOffice 
data show a good agreement for the three Australian stations (i.e. Casey, Davis and 
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Mawson). The warming in the UT and cooling in the LS in the Antarctic have been 
confirmed in this study.  
 
Figure 6-2 Radiosonde temperature trend analysis by using 18 Antarctic radiosonde 
observations at the 100 hPa pressure level 
 
Figure 6-3 Radiosonde temperature trend analysis by using 18 Antarctic radiosonde 
observations at the 500 hPa pressure level 
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6.2.5 Homogeneity study of temperature time series 
Homogeneity treatment of the climate time series 
Estimation of atmospheric temperature trends over Antarctica is challenging. 
Long-term upper air data records are available from only a small number of 
observational stations. In addition, discontinuities are often unavoidable in long-term 
radiosonde data series due to changes in the types of instrumentation and data 
processing methods. The largest discontinuities appear to be related to solar heating of 
the temperature sensor and the changes in its design plus the data adjustments intended 
to deal with this problem (Karl et al., 2006).   
The homogeneity of the climate data series is crucial for many research aspects, 
especially for a realistic estimate of historical climate trends. Statistical homogeneity 
tests (Wang et al., 2007; Wang, 2008a, b; Wang and Feng, 2010) are used to analyse 
long-term radiosonde temperature series. Some discontinuities are found in the data 
(Table 6-1). The hour column indicates the hour(s) of radiosonde observations analysed. 
Here, H indicates that the time series found is homogeneous at a 5% significance level. 
These often occurred at the times where data are missing (see both Figure 6-4 and 
Figure 6-5). In this study, discontinuities are considered when estimating temperature 
trends (Wang, 2008a). The trend estimates presented in this study are also robust 
against the effects of autocorrelation (Storch, 1999) and also the incomplete sampling 
of the annual cycle.   
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Table 6-1 Times of discontinuities (yyyymm) detected in the monthly mean radiosonde 
temperature series (H indicates that the time series was found to be homogeneous at 5% 
significance level)  
Station Names Hour 30 hPa 50 hPa 100 hPa 150 hPa 200 hPa 300 hPa 500 hPa 700 hPa 850 hPa 
Amundsen-Scott 0 H 
197605 
198302 
198405 H H H 
197812 
198308 
No data No data 
Halley 12 
197409 
199307 
199904 
195712 
196603 
198405 
198407 H 
195803 
197012 
198012 
197507 
198303 
199201 
198107 
199201 
198709 
199202 
Syowa 0, 12 H 
197402 
198110 
198407 H H H H H H 
Mawson 0, 12 H 
198411 
200201 
200211 
195804 H 
195801  
196407 
195803 195806 195806 H 
Davis 0, 12 H H H H H 
197605 
199206 
199301 
199504 
199610 
H 
198111 
198209 
198906 
199507 
197503 
198801  
199112 
Casey 0, 12 H H H H H 198804 H H H 
McMurdo 0, 12 
197010 
200003 
200003 
200304 
H H H H H 
199006  
199303 
H 
Bellingshausen 0 
198106 
199408 
198107 
198812 
H H H 
197204 
197605 
199206 
199309 
199504 
199610 
H H H 
Novolazarevskaja 0 H 
199202 
200204 
200211 
198407 H H 19611100 
199604 
200508 
H H 
 
A homogeneity test and linear trend estimation was performed for each of the nine 
stations and at each of the nine pressure levels. For each station, the homogeneity test 
results were synthesised across the nine pressure levels. The data series were also 
visually inspected; dates of missing data in the time series were also used to verify the 
change points detected statistically and then to help determine the actual times of the 
shifts. Artificial shifts will have significant effects on temperatures at some pressure 
levels, but have little effect on temperatures at other pressure levels due to the 
extremely large temperature differences amongst the different pressure levels.  
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Figure 6-4 De-seasonalised series (i.e. anomalies from the annual cycle) of monthly 
mean atmospheric temperatures at the 500 hPa pressure level, recorded at the stations, 
and the corresponding multi-phase regression fits (red lines, which include the annual 
trends) 
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Figure 6-5 De-seasonalised series (i.e. anomalies from the annual cycle) of monthly 
mean atmospheric temperatures at the 100 hPa pressure level, recorded at the stations, 
and the corresponding multi-phase regression fits (red lines, which include the annual 
trends) 
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Temperature trends at different pressure levels 
Based on the results of the trend analysis described above, there appears to have been 
significant tropospheric warming (at all pressure levels from 850 to 500 hPa) and lower 
stratospheric cooling (at all pressure levels from 200 to 30 hPa) at all nine stations 
analysed. The regional mean vertical profile of annual trends (estimated from monthly 
mean temperature series) is presented in Figure 6-6. It should be noted that unless 
specified otherwise, a regional mean refers to an average over 6 longer-term stations, 
excluding Bellingshausen, Davis and Syowa (see Table 6-1). The regional mean trends 
were found to be significantly different from zero at least at the 5% significance level at 
all except the 300 hPa level (which is approximately the warming-cooling transition 
layer) and the 30 hPa level (where trend estimates are more uncertain due to the 
quantity of missing values at this pressure level).  
After further averaging over all levels from 850 to 300 hPa, it was found that the rate of 
warming in the UT is about 0.13°C per decade. This is in agreement with a global 
warming trend of about 0.14ºC per decade in the troposphere (from 850 hPa to 300 hPa) 
since 1958 (Karl et al., 2006). Excluding the warming-cooling transition layer (300 
hPa), the mean warming rate (averaged over the levels from 850 to 500 hPa) is 0.17°C 
per decade. By averaging over all levels from 200 to 30 hPa, the rate of cooling in the 
Antarctic LS is about -0.47°C per decade. The Antarctic 100-50 hPa mean cooling rate 
is estimated to be  -0.58°C per decade, while a global rate of lower stratospheric (from 
100 hPa to 50 hPa) cooling since 1958 was estimated to be about -0.37ºC per decade 
(Karl et al., 2006). The strongest stratospheric cooling over the Antarctic was observed 
at the100 hPa pressure level, also different levels of the troposphere (from 850 hPa to 
500 hPa) were warming at similar rates of about 0.14°C to 0.19° C per decade (Figure 
6-6). In terms of annual trends, the stratospheric cooling occurred at faster rates than 
those for the tropospheric warming. If averaged over all the 9 stations analysed, the 
mean profile looks similar to that shown in Figure 6-6; the mean cooling rate in the LS 
(200 to 30 hPa) is about -0.60°C per decade, and the mean warming rate in the 
troposphere (from 850 to 500 hPa) is about 0.18°C per decade (both mean rates are 
slightly higher than the corresponding 6-station means).   
95 
 
Figure 6-6 The mean vertical profile of the annual temperature trends (°C per decade) 
and their standard deviations (STD) at nine atmospheric pressure levels. These are 
derived from the HadAT2 (homogenised) radiosonde data from the six longer-term 
Antarctic stations  
Seasonal differences in the long-term trends 
Seasonal differences in the long-term temperature trends were examined. The four 
seasons are defined as following: winter [JJA], spring [SON], summer [DJF] and 
autumn [MAM] (Ogawa et al., 2009). Trends from each seasonal mean temperature 
series were derived from the corresponding homogenized monthly mean series. This 
seasonal trend estimate was undertaken for each season, for each station and at each 
pressure level. The regional mean vertical profiles of seasonal trends are presented in 
Figure 6-7.    
In the LS, statistically significant cooling trends were detected at all four pressure 
levels from 200 to 50 hPa in spring and summer (Figure 6-7). The fastest cooling rate 
(about -1.78°C per decade) was detected at 100 hPa for spring. The mean 
spring-summer cooling rate (averaged over the four pressure levels and over spring and 
summer) is -1.06˚C per decade. Seasonal cooling trends at 30 hPa are statistically 
significant only in summer. Note that the seasonal trend estimates at 30 and 50 hPa are 
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less reliable than those for the other pressure levels because the data time series have 
many missing values, especially in winter.   
 
Figure 6-7 The mean vertical profile of seasonal temperature trends (°C per decade) 
and their standard deviations (STD) at nine atmospheric pressure levels derived from 
the HadAT2 (homogenised) radiosonde data from the six longer-term Antarctic stations 
This is an apparent seasonality trend in the LS temperature. This and the observed 
maximum cooling at altitudes around 100 hPa, can be linked to the dramatic seasonal 
reduction in the stratospheric ozone concentration over the austral spring since the 
1970s, known as “the Antarctic ozone hole” (Farman et al., 1985). As the stratospheric 
temperature depends on ozone absorption of ultraviolet radiation, rapid ozone 
destruction, which occurs in spring when sunlight returns to the polar region (Solomon 
et al., 1986) and lasts till early summer, results in this significant seasonal  stratospheric 
cooling.  The ozone depletion is largest in the LS around 100 hPa (about 95% of the 
ozone is destroyed between altitudes 15 and 20 km) but in the upper stratosphere 
(above 30 hPa) the decreases are small.   
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Tropospheric warming at the 850, 700 and 500 hPa pressure levels were detected in all 
four seasons but with slightly higher warming rates in winter (Figure 6-7). The regional 
mean tropospheric warming trends in Figure 6-7 are statistically significant (at least a 
5% significance level) at all 3 pressure levels (i.e. 850, 700, and 500 hPa). The mean 
warming rate (averaged over the three pressure levels and over all four seasons) is 
0.19°C per decade. Similar vertical profiles of seasonal trends are seen when the 
regional mean is obtained by averaging over all the 9 stations analysed, instead of just 
the 6 longer term stations. The fastest cooling rate (about -1.90°C per decade) was 
again detected at 100 hPa for spring. Note that the inclusion of the 3 shorter term 
stations increases the uncertainty in the regional mean trends, especially in the lower to 
mid-troposphere. The 9-station mean tropospheric warming trends are significant (at 
5% level) only in winter. This uncertainty comes mainly from the inclusion of the 
shortest series (at station Bellingshausen), which has only 30 years of data which ended 
in January 1999.  
Discussions 
The results generally agree with earlier findings which identified warming in the UT 
and cooling in the LS over the Antarctic. In particular, the mean vertical profile of 
winter temperature trends over the past five decades (Figure 6-7) is similar to that 
estimated for the 1971-2003 period (Turner et al., 2006). However, our estimates of the 
winter tropospheric warming trends (0.20~0.31°C per decade for 9- or 6-station means) 
are smaller, and more uniform across the troposphere, than those reported in (Turner et 
al., 2006). This variation  could arise because (i) data homogenisation was performed in 
this study but not in (Turner et al., 2006); (ii) in the period of  analysis was different 
(e.g. shorter records are usually less representative of long-term trends), and (iii) the 
trend analysis methods were different particularly when the effects of autocorrelation 
and the incomplete sampling of the annual cycles were considered. The estimates of the 
LS cooling rates are faster for the 1971-2003 period (Turner et al., 2006), than for the 
whole period of the records analysed in this study. This is also apparent for the winter 
tropospheric warming rates at the 500 and 300 hPa levels. The latter indicates that the 
larger winter warming rates estimated in (Turner et al., 2006) than in this study are 
partly due to the difference in the period of the analysis. The raw data show lower 
cooling rates at the 30 hPa level than do the homogenized data. In addition, a few 
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erroneously low temperatures in the early period and an erroneously high temperature 
in the later period were recorded at the McMurdo station. This would result in a 
positive bias in a least squares estimate of the linear trend unless they were discarded. 
The positive bias in the trend estimate most likely exists in the annual and the spring 
estimates presented in (Turner et al., 2006), because these errors were not reported in 
that study. Autocorrelation in the data series analysed in this study is highly positive, 
and if ignored would result in a positive bias in the estimate with statistical significance 
of a warming trend (Storch, 1999).   
The results shown in Figure 6-7 also demonstrated that, in each season, the tropospheric 
warming was somewhat uniform across the pressure levels from 850 to 500 hPa; the 
range of the warming rate (per decade) was about 0.20~0.31°C in winter, 0.16~0.22°C 
in spring, 0.13~0.16°C in summer, and 0.17~0.19°C in autumn respectively. Examining 
seasonal trends in the LS, it appears that the cooling occurred at much higher rates than 
it was previously reported: the largest decrease in temperature was observed in spring 
and summer at 100 hPa with cooling rates of about -1.8°C and -1.5°C per decade, 
respectively (Figure 6-7; the corresponding 9-station means are -1.9°C and -1.7°C per 
decade) respectively. No significant LS cooling trend was identified in winter and 
autumn, with the exception of winter at 30 hPa. However, this trend estimate was not 
reliable because of the quality of missing values in the data series.  
In this study, long-term atmospheric temperature trends were derived from radiosonde 
data obtained over nine stations located in Antarctica. Over the past five decades 
significant lower-stratospheric cooling and tropospheric warming occurred over the 
Antarctic. While are the causes of the observed significant temperature trends beyond 
the scope of this study, it has been noted that the observed pattern of the tropospheric 
warming and stratospheric cooling is one of the expected consequences of the increase 
in concentration of greenhouse gases and stratospheric ozone depletion (Karl et al., 
2006; Storch, 1999). Note that the decline of solar ultraviolet from 2001 to 2008 may 
have contribution to the climate change as well. Also, it has been demonstrated that 
human activities have caused significant warming in the Antarctic (Gillett et al., 2008). 
The results also demonstrated clear seasonality of the observed stratospheric 
temperature trends. In spring and summer, cooling trends in the LS were highly 
significant while autumn and winter temperature trends are rather weak and statistically 
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insignificant. This seasonality of trends appears to be linked to the dramatic seasonal 
reduction in the stratospheric ozone concentration over the austral spring since the 
1970s.   
6.2.6 Temperature trends using CHAMP RO data 
GNSS RO data from the CHAMP mission processed by UCAR (Level 2 wetPrf data 
available from May 2001 to August 2008; http://www.cosmic.ucar.edu/) were analysed 
over the Antarctic region (area south of the latitude 60°S). Satellite-derived temperature 
trends were estimated for ten pressure levels (900, 850, 700, 600, 500, 300, 200, 150, 
100 and 50 hPa). Maps of the UT and the LS temperature trends were derived from the 
GNSS RO data by calculating the trends for each of the 45 boxes of the 800 km Equal 
Area Scalable Earth Grid (Brodzik and Knowles, 2002) (Figure 6-8). Radiosonde 
records from the HadAT2 dataset at the Hadley Centre, UK Met Office 
(http://hadobs.metoffice.com/hadat/) were also used to analyse the UT and the LS 
temperature trends. Six coastal Antarctic stations (Casey, Davis, Halley, Mawson, 
McMurdo and Novolazarevskaya) were selected for the analysis. They were chosen 
because of the completeness of their data records (on average, less than 2-3% of 
missing data at ten standard pressure levels from 900 to 50 hPa) for the same time 
period as the satellite data. Radiosonde data from the Amundsen-Scott station were also 
utilised as these data were representative of the interior of Antarctica. However, the 
percentages of missing data were relatively high for this station i.e. 21-24% for the six 
standard pressure levels from 500 to 50 hPa.  
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Figure 6-8 Location of seven Antarctic stations with the 800 km Equal Area Scalable 
Earth Grids superimposed over a map of the continent (45 grids in total) and 500 km 
radius circles centred on each station 
Comparison of temperature trends derived from radiosonde and GPS RO 
observations 
Atmospheric temperature trends derived from the radiosonde data at seven Antarctic 
stations and from the collocated CHAMP RO data were examined for the period 
2001-2008 (Kuleshov et al., 2011b). For this comparison, CHAMP data were selected 
and co-location criterion of not more than 500 km distance between the radiosonde and 
GPS RO profiles was implemented (see Figure 6-8). Radiosonde and satellite data for 
seven complete years, from 1st September 2001 (the beginning of the austral spring) to 
31st August 2008 (the end of the austral winter) were selected for the analysis to ensure 
that an equal number of seasons as presented in the time series. CHAMP RO and 
radiosonde data have demonstrated good agreements in the UT and the LS (for the 
pressure levels between 500 and 50 hPa), with respect to both the actual values and the 
seasonal cycle (see the comparison of in-situ radiosonde data and the corresponding 
CHAMP data for seven stations at 100 and 500 hPa in Figure 6-9 and Figure 6-10, 
respectively). Cooling trends through the UT and the LS were identified in both 
radiosonde and CHAMP data (Figure 6-11). Strong stratospheric cooling trends 
estimated as about -2° to -3°C per decade at the 200 and 100 hPa pressure levels (mean 
values for the seven localities) are statistically significant. Some differences in the trend 
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estimates can be explained because of the different methods of data sampling. 
Radiosonde measurements are “point” observations performed at the stations while 
GPS RO technique provides area-averaged data (in this comparison, over an area of 
about 785,000 km2). Note that the high accuracy of the GPS RO data allows them to be 
used for the assessment of the quality of radiosonde temperature measurements in the 
UT and the LS (He et al., 2009).  
 
Figure 6-9 Comparisons of in-situ 100 hPa radiosonde data (black) and the 
corresponding CHAMP data (blue) at the stations indicated 
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Figure 6-10 Comparison of in-situ 500 hPa radiosonde data (black) and the 
corresponding CHAMP data (blue) at the indicated stations 
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Figure 6-11 Comparison of linear trends estimated from in-situ radiosonde (RS) data 
and the corresponding CHAMP data for the period from September 2001 to August 
2008 
Temperature trend estimates: the upper troposphere 
In order to quantitatively evaluate temperature trends derived from satellite remote 
sensing data, an area-averaged temperature trend over the Antarctic at a particular 
pressure level was computed as  
∑(TiSi)/∑Si for i=1, N,  
where Ti is a temperature trend computed for each box i with corresponding area Si, 
and N is the total number of boxes (N=45; 800 km Equal Area Scalable Earth Grid was 
implemented – see Figure 6-8 for details). Maps created of the estimated atmospheric 
temperature trends from the CHAMP data for the period from September 2001 to 
August 2008 revealed significant variations in the regional cooling and warming at the 
examined pressure levels (Figure 6-11).  
A map of the average annual 500-hPa temperature trend (Figure 6-12: 500 hPa) 
demonstrates that the upper tropospheric cooling was dominant over a large region of 
Antarctica between about 60°E and 135°W, in a sector where Amundsen-Scott, Casey, 
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Davis, Mawson and McMurdo stations are located. The average annual cooling rates 
over this region were generally below -1°C per decade; however, cooling trends in 
excess of -2°C per decade have been also identified over certain areas (e.g. coastal area 
and adjusted oceans around 180°, Figure 6-12: 500 hPa). Temperature trends over the 
other half of the Antarctic are mainly warming. There is a strong and statistically 
significant (at the 95% confidence level) warming trend near the Antarctic Peninsula 
(around 75°W) which exceeds 2°C per decade (Figure 6-12: 500 hPa). Overall, general 
tropospheric cooling over the entire Antarctic during 2001-2008 with an area-averaged 
temperature trend of about –0.14°C per decade (at 500 hPa) was estimated from the 
GPS RO data.  
Temperature trend estimates: the lower stratosphere 
The map of the average annual 100-hPa temperature trend over the Antarctic for 
2001-2008 demonstrates dominant regional cooling (Figure 6-13: 100 hPa). Faster 
cooling rates which exceed -2°C per decade were observed over nearly two thirds of 
Eastern Antarctica and about one third of Western Antarctica (i.e. a sector between 
about 110°E and 60°W). Over the rest of the Antarctic, the LS was also mainly cooling 
over most of the polar region but at slower rates. From the satellite data, an 
area-averaged temperature trend over the Antarctic was about -1.7°C per decade at the 
100 hPa pressure level. Note that all seven Antarctic stations are located in parts of the 
continent where strong stratospheric cooling is observed. Satellite data also 
demonstrated warming over two areas of Western Antarctica between 100°W and 
170°W. However, there were no meteorological observational stations in that area for 
comparison.  
The GPS RO-derived results confirmed that the cooling identified by Turner et al. 2005 
in the LS over the Antarctic for earlier decades was also observed in recent years. 
Results show that it occurred at a higher rate than what was previously reported. The 
long-term radiosonde-derived trend estimates indicated cooling at a rate of -0.16°C per 
decade at the 100 hPa pressure level for 1971 – 2001 (Turner et al., 2005). GPS RO 
data for 2001-2008 demonstrated that (i) the mean temperature trend estimated for 
seven Antarctic stations was about -3.5°C per decade (in agreement with -3.51°C per 
decade average trend as estimated from the radiosonde data) and (ii) the area-average 
stratospheric temperature trend over the Antarctic was about -1.7°C per decade.  
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Figure 6-12 Temperature trends estimated from CHAMP RO data for the period from 
September 2001 to August 2008 at pressure levels 400, 500, 600 and 750 hPa 
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Figure 6-13 Temperature trends estimated from CHAMP RO data for the period from 
September 2001 to August 2008 at pressure levels 50, 100, 200 and 300 hPa 
Examining the seasonal variations in temperature trends for 2001-2008, the strongest 
stratospheric cooling occurred in the austral spring. This corresponds with the recent 
findings about the statistically significant low stratospheric cooling over the Antarctic 
observed in the past five decades as derived from radiosonde data (Kuleshov et al., 
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2011b). Using GPS RO data, warming in the UT and cooling in the LS reported in the 
past decade have been confirmed. The findings are in a good agreement with results 
obtained using long-term radiosonde data (see section 6.2.5). The Antarctic seasonal 
ozone depletion which has a maximum around November could be one of the important 
contributing factors in the strong stratospheric cooling reported (Thompson and 
Solomon, 2002).  
Discussions 
Using seven years CHAMP GPS RO data, the UT and the LS temperature trends and 
demonstrated significant regional variation in the spatial distribution of the temperature 
trends over the Antarctic for 2001-2008 were examined. The results demonstrated a 
general cooling of the atmosphere over the Antarctic in 2001-2008. This was at a rate 
of -0.14°C per decade in the UT and -1.7°C per decade in the LS. Temperature trends 
derived from CHAMP RO data were in agreement with the results of the earlier studies. 
The CHAMP RO data provided independent high-accuracy estimations of atmospheric 
temperature trends consistent with radiosonde observations. The study has 
demonstrated that the CHAMP RO observations can serve as a climate benchmark for 
examining changes in atmospheric temperature. 
6.3 Tropopause study using FORMOSAT-3/COSMIC RO data 
6.3.1 The tropopause 
The tropopause is a layer of atmosphere which separates the troposphere and the 
stratosphere and is important for many weather and climatological studies. Examining 
the characteristics of the tropopause requires detailed vertical atmospheric profile 
information and this can be a challenging task in some situations (Randel et al., 2007). 
The Australian Bureau of Meteorology maintains a network of 38 radiosonde stations 
which provides the major upper-air information for the vast continent, surrounding 
oceans and also the Antarctic (Fu et al., 2009a). Most of the stations are located in the 
coastal regions and there are only a few inland. The vertical resolution of the 
radiosonde data is typically from a few hundreds meters to about a kilometre. This 
imposes certain limitations for tropopause studies. On the other hand, the GNSS RO 
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technique generates atmospheric profiles with a high vertical resolution (from tens of 
meters to a few hundred of meters depending on the layers of the atmosphere) and 
provides a more homogenous spatial distribution of the data. A study of the tropopause 
in the Australasian region using FORMOSAT-3/COSMIC data products (from 2007 to 
2009) was carried out and the results showed the potential for detailed tropopause 
studies e.g. examining the multiple structure of the tropopause. The GNSS RO 
technique can retrieve high vertical resolution atmospheric profiles with a uniform 
global coverage. Therefore, enhanced tropopause information (i.e. better resolutions 
and distribution) can be expected from the GNSS RO technique (Lewis, 2009; Schmidt 
et al., 2005b). 
6.3.2 Tropopause structure determination using RO data 
A study was designed to retrieve tropopause heights over the Australasian region using 
GPS FORMOSAT-3/COSMIC RO temperature profiles (Fu et al., 2011). Currently, the 
FORMOSAT-3/COSMIC RO data provide high vertical resolution of upper air 
temperature profiles. The results confirmed that the FORMOSAT-3/COSMIC RO 
temperature profiles showed more details of the atmosphere and provided better 
characteristics of the tropopause than the conventional meteorological observations 
using radiosonde. 
In Figure 6-14, two pairs of collocated temperature profiles obtained from radiosonde 
and FORMOSAT-3/COSMIC RO are presented. Radiosonde shows discontinuities in 
its temperature profiles. However, the FORMOSAT-3/COSMIC RO data show smooth 
profiles due to its high vertical resolution. The September (2009) 
FORMOSAT-3/COSMIC RO temperature profile (upper-right panel in Figure 6-14) 
indicates a double tropopause structures at 9 km and 17 km. The radiosonde profile 
does not clearly identify the double tropopause due to the lower spatial resolution of 
measurements. Average tropopause heights over the Australasian region have been 
calculated using FORMOSAT-3/COSMIC RO data from July 2006 to the end of 2010. 
The results (Figure 6-15) are grouped by four latitude zones and four time periods (day 
periods of years: 1-30; 90-120; 180-210 and 270-300). In general, the heights of 
tropopause are higher in the lower latitudes. 
109 
 COSMIC RO temperature profile 
(00:08, 09/09/2009, Lat/Lon: -27.8/114.4)
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Figure 6-14 Sample of temperature profiles obtained from radiosonde and 
FORMOSAT-3/COSMIC RO respectively 
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Figure 6-15 Average tropopause heights at different latitude zones and time periods 
(day: 1-30; 90-120, 180-210 and 270-300) derived from FORMOSAT-3/COSMIC RO 
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Figure 6-16, Figure 6-17 and Figure 6-18 show the map of annual average tropopause 
heights calculated from FORMOSAT-3/COSMIC RO data in 2009, 2008 and 2007, 
respectively. 
 
Figure 6-16 Annual average tropopause heights derived from FORMOSAT-3/COSMIC 
RO data in the Australasian region - 2009 
 
Figure 6-17 Annual average tropopause heights derived from FORMOSAT-3/COSMIC 
RO data in the Australasian region - 2008 
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Figure 6-18 Annual average tropopause height derived from FORMOSAT-3/COSMIC 
RO data in the Australasian region - 2007 
6.4 Summary  
This Chapter presented the results of the Antarctic temperature trend analysis studies 
and Australian tropopause structure studies using GNSS RO retrievals from two key 
recent missions CHAMP and FORMOSAT-3/COSMIC. The research demonstrated 
that the GNSS RO technique can provide stable and quality atmospheric information 
for climatological studies. The unique global coverage and high (vertical, horizontal 
and temporal) resolution are the advantages of the technique which overcomes the 
critical limitations of traditional station-based and satellite remote sensing atmospheric 
observations. The Antarctica temperature trend study using RO atmospheric profiles 
demonstrated that the technique has capability to monitor the Antarctica atmosphere 
with higher (temporal and spatial) resolutions and better sampling distribution. The 
space-based technique fills the gaps of the radiosonde network for important upper air 
observation. The tropopause study over the Australia region has proven that the high 
quality and vertical resolution atmospheric observation from RO technique benefit the 
in-depth tropopause structure studies. These studies confirm the value of the GNSS RO 
data and also demonstrate the potential for advancing the current studies. 
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Chapter 7 Conclusions and Recommendations 
7.1 Summary 
Monitoring the Earth’s atmosphere effectively and efficiently is one of the most 
important and most difficult tasks in meteorology. The spatial and temporal 
heterogeneity of the atmosphere contains valuable information. The rapid availability of 
atmospheric information in a high resolution and a global coverage is highly desirable. 
The GNSS RO technique has been proven to be an important alternative to the current 
atmospheric observation methods and can provide high quality and high resolution 
global atmospheric observations. It has the potential to revolutionise meteorological 
research and practice in the future.  
This thesis presents the first comprehensive PhD study conducted in Australia on the 
GNSS RO atmospheric observation technique. The study is intended to address 
important questions and practical issues that are confronted by Australia to utilise the 
RO atmospheric products for better meteorological services. A series of pioneering 
studies were conducted and the outcomes provided valuable contributions to the BoM 
to assist its adoption of the state of the art technology in meteorological studies and 
applications.  
The key contributions of this research are summarised as below: 
• Established a solid database related to GNSS RO data products and 
publications; 
• Conducted various evaluation studies of the GNSS RO retrievals focusing on 
the Australian and Antarctic regions;  
• Investigated the Antarctic temperature trend using the CHAMP RO 
atmospheric data;  
• Investigated a simulation study of the impact of future GNSS systems to the 
GNSS RO technique and Australian meteorology;  
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• Developed a framework of GNSS RO data processing system in a distributed 
computation environment; 
• Conducted a comprehensive review of the GNSS RO technique including its 
fundamentals, history, missions, applications and the state of art technology;  
• Investigated the structure of Australian tropopause using COSMIC RO 
atmospheric data.  
7.2 Conclusions 
The potential of the GNSS RO technique for Australian meteorology 
This thesis has proven that the GNSS RO technique can provide benchmark 
atmospheric data for future atmospheric studies. The GNSS RO atmospheric data with 
a high resolution and uniform coverage are highly valuable for Australia which has 
large unpopulated areas and is located in the ocean-dominant Southern Hemisphere.  
The review work, evaluation studies and investigations in climate have demonstrated 
the value of the GNSS RO retrieved atmospheric information to the Australian BoM 
and provided a solid basis for future studies. Australian meteorology can benefit 
significantly from the space-based technique. 
An encouraging future with multiple GNSS 
The simulation study shows that the current and next generation GNSS missions will 
provide thousands of daily RO events for the Australasian region. The quality of GNSS 
RO data will also be improved due to the increased number and strength of GNSS 
signals available for atmospheric retrieval processes.  
The study of LEO satellite orbits and their impact on the number and distribution of RO 
events is important for establishing potential future Australian GNSS RO missions. 
There is a critical need of Australian involvement from the international GNSS RO 
community because of Australia’s unique geographical location for both new satellite 
missions and meteorological studies. The research results strongly support Australia’s 
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ongoing involvement, investigation and contribution to the GNSS RO atmospheric 
observations.   
GNSS RO data processing infrastructure 
It is important to deliver high quality GNSS RO retrievals with minimal delays. The 
retrieval process involves a large volume of data, complex algorithms and it relies on an 
advanced computational infrastructure. For Australia to benefit most from the technique 
and prepare for its own missions, a dedicated data processing centre needs to be 
established. 
The developed prototype data processing system is designed to address its special 
computational requirements and then ensure quality and timely retrieval processes. The 
prototype system can be “up scaled” to an operational GNSS RO data processing 
system. 
Evaluations of GNSS RO retrievals 
It is critical to assess the GPS RO technique’s reliability and the quality of the 
atmospheric profiles derived. This then forms an important guideline for the 
assimilation of the new data sources into the current NWP systems and other 
meteorological applications. The four evaluation studies were designed with 
researchers from the Australian BoM and addressed their specific interests in accessing 
the GNSS RO retrievals in the Australian context. These studies present good results 
and agree well with other independent international evaluation studies.  
Co-location criteria to match the RO profiles with other observations or modelled 
profiles are important for understanding the evaluation results and the data in the 
evaluation studies. The investigation into the impact of co-location criteria supports the 
evaluation studies and provides a guideline for future evaluation studies.  
Applications of the GNSS RO retrievals in the Antarctic climate and the Australian 
tropopause studies 
The Antarctic temperature trend studies, using both GNSS RO and their collocated 
Antarctic radiosonde data for 2001-2008, were found to be in good agreement in terms 
of monthly mean atmospheric temperature values and trends therein. This was 
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especially the case in the lower stratosphere to the upper troposphere. The study 
demonstrated overall cooling in the Antarctic lower stratosphere and warming in the 
troposphere, in agreement with the radiosonde measurements. This depicted the 
suitability of the GNSS RO data for climate change detection for the lower stratosphere 
and the upper troposphere.  
The pilot study on the tropopause for the Australasian region using GNSS RO data 
confirmed the advantages of the GNSS RO methodology for detailed atmospheric 
structure studies.  
Both studies demonstrated that the GNSS RO technique has the capability to provide 
high quality and continuous atmospheric observation in remote areas (e.g. Australian 
unpopulated area, the Antarctica and the oceans). The study suggested that the GNSS 
RO atmospheric retrievals can serve as a better benchmark for meteorological studies 
when compared with the traditional atmospheric observations.  
7.3 Suggestions and recommendations 
Further studies need to be carried out in this area to improve the technique and the 
usability of the retrievals. Some suggestions and recommendations are given below: 
• Error quantifications and quality control. It is important to properly assess and 
quantify the errors at the various stages of the retrieval process. The 
assessment provides valuable information for assimilation of the GNSS RO 
data and also other meteorological applications.  
• Satellite POD. The orbit information for both the LEO and the GNSS satellites 
is the one of the major inputs for retrieving accurate atmospheric profiles. High 
quality POD information is essential for real time applications of the GNSS 
RO retrievals. A dedicated study in POD specifically targeted at the GNSS RO 
retrievals should be carried out.  
• Evaluation study. Continuous assessment of the RO retrievals is necessary 
using different sources of data with respect to different timeframes and 
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geographical locations. It is important to continue the evaluation studies over 
the data from new missions and from different data centres.  
• GNSS RO data processing centre. Currently, many GNSS RO atmospheric 
products are freely available from several international data centres. However, 
it is clear that Australia needs its own data processing centre to be able process 
and utilise the data. This is critical for real-time applications and extensive 
assessment of data quality. The international community also needs Australia’s 
involvement in future RO satellite missions. It is important to continually 
study the data processing system to handle the ever increasing and complex 
satellite and meteorological data.  
• LEO-LEO RO. The RO atmospheric observation technique will not be limited 
by just the GNSS signals, which are designed for positioning, navigation and 
timing services. A LEO-LEO technique has been proposed to capture more 
information from the atmosphere using selected microwave and infrared-laser 
frequencies (Yue et al., 2010). With the additional signals, the RO technique 
can not only retrieve thermo-dynamics (i.e. temperature, pressure and humidity) 
but also greenhouse gases (e.g. CO2, CH4, N2O and O3) and wind fields. 
LEO-LEO RO can work well with the GNSS RO technique in the future RO 
missions and deliver a unique solution for multiple purpose atmospheric 
observations.   
• Other atmospheric observations products. Studies need to be carried out to 
utilise the GNSS RO atmospheric retrievals with data from other observations 
such as satellite remote sensing observations. Different characteristics of these 
observation methods need to be taken into account and studied carefully for 
different purposes.  
In summary, this thesis presented a series of studies in the GNSS RO atmospheric 
observation technique for Australian meteorology. The GNSS RO technique is an 
important revolution in atmospheric monitoring and adopting the technique is a major 
milestone. Since the first GNSS RO profile was retrieved on 16 April 1995, the 
development and acceptance of the technique has been encouraging and brought 
important benefits to the meteorological community. The technique will continue to be 
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developed to provide robust solutions for the Earth’s atmospheric monitoring. Australia 
should continue its investigations into GNSS RO for better meteorological services and 
also for better response to the climate change.  
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